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ABSTRACT
Rivers discharge around 20 billion tonnes of sediment to the coastal ocean each
year (Milliman and Syvitski, 1992). Many supply dominated rivers possess large subareal
and subaqueous deltas, whose growth depends on the physical processes controlling
sediment deposition or removal. There has yet to be a complete understanding of how
short term processes such as settling from buoyant plumes, wave/current resuspension,
and transport by currents and gravity flows, interact to produce the depositional products
that develop over varying timescales. The Po River in Northern Italy forms a substantial
delta in the Adriatic Sea. It has five distributary mouths, and is responsible for a third of
all freshwater and sediment entering the Adriatic. Near-field sediment transport is
influenced predominantly by Po River floods and two dominant wind regimes. Cold, dry
Bora winds blow from the northeast, while warm, wet Siroccos blow from the southeast.
Both of these winds produce waves large enough to resuspend sediments off of the Po
delta.
A three-dimensional numerical modeling study was conducted using the Regional
Ocean Modeling System (ROMS) examining sediment transport near the Po delta.
ROMS includes sediment settling, wave/current resuspension and transport, and multiple
grain types. Simulations and idealized test cases were run. The simulation spanned
September, 2002 - March, 2003, and included a large flood event. The idealized cases
examined distinct Bora and Sirocco events. Meteorological forcing was based on realistic
wind and wave fields. Fluvial sediment was modeled using both flocculated and
unflocculated sediment types. A stretched grid with ~750m resolution over the Po delta
was used. Compared to earlier models, this increases resolution at the delta and more
accurately resolves near-field sediment dynamics.
This study indicates that high initial settling significantly reduces the influence of
buoyant plume transport on sediment fluxes. Most sediment flux, and export from the
delta, occurs within a few meters of the seabed, and is driven by the wave action and
near-bed currents generated during wind events. Time-averaged currents dictate the
direction of net sediment flux. Under idealized conditions Sirocco winds transport
sediment predominantly southward, while under Bora winds relatively more sediment is
transported east, and northeast, of the delta. Time-variation in the simulation conditions,
however, generates significant southward fluxes during more realistic Bora conditions.
Most sediment is deposited directly off the river mouths, with the remaining depositional
patterns dictated by current flow and bed shear stress patterns during wind events. The
footprint and total sediment mass of the 2002 flood deposit is reasonably well
represented, taking limitations of the observational sampling methods into account,
specifically, by limiting the model’s predicted deposit to that >5mm thick and within
water depths >10m. Predicted maximum depositional thicknesses, however, are ~2-5
times those observed. Fluvial sediment deposition predicted for typical meteorological
conditions is consistent with accumulation patterns that develop over much longer
timescales. The long-term depositional patterns off the Po delta are similar to those
produced by Bora winds, implying that the -100 year accumulation pattern on the Po
delta may be predicted through the modeling of idealized Bora events.
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Chapter I

Introduction and Background
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Chapter 1
This chapter introduces why sediments, deltas, and the Po River delta in particular
are important areas of study. It presents the study objectives, and provides background
information on sediment transport, the Adriatic Sea, and the Po River.

1.1 Introduction
Sediments play an important role in many areas of marine science, such as the
transport of pollutants, the classification of benthic habitat, and the light environment
experienced by phytoplankton. Many pollutants, such as heavy metals, adsorb onto
sediment particles and travel with those particles to areas of deposition and accumulation,
creating highly contaminated areas far from the original source (Bloom and Crecelius,
1987; Fillipek and Owens, 1979). Many benthic species require certain sediment types as
habitat. For example, most clams prefer sandy or fine grained sediment while barnacles
need to attach to relatively large, immobile sediments (Hills and Thomason, 1996;
Zhuang and Wang, 2004). Also, suspended sediment leads to greater attenuation of light
with depth and less light for photosynthesis (Schallenberg and Bums, 2004).
Deltaic regions are important because of their high sediment and nutrient loads,
and their location near the interface between fresh and salt waters. Salt water can induce
flocculation in river-borne sediments and aid in the adsorption of pollutants onto particles
(Kranck, 1980). This enhances sediment and pollutant deposition near river mouths and
in subaqueous deltas. Because deltas are often heavily populated, shoreline retreat or
subsidence may cause severe property damage. It is important to understand how modem
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deltas behave and the processes governing this behavior to better predict the impacts of
natural and anthropogenic changes.
Delta morphology, in general, is dominated by three main physical processes:
river discharge, waves, and tides (Wright and Coleman, 1973). Other processes also
relevant to near-field sediment transport include wind forced currents, near-bed high
density flows (gravity flows), bed consolidation, bioturbation, and flocculation. These
processes influence sediment characteristics, such as grain size, critical shear stress, and
suspended sediment concentration in a very complex time-varying manner.
Understanding the dominant physical processes during both storm and fairweather
conditions, and how they interact during varying river discharge, should improve
predictions of sediment characteristics and its impacts on other factors, such as pollutants,
shoreline migration, and benthic ecology.
For many rivers high discharge events occur relatively infrequently, yet dominate
the total sediment load (Milliman and Meade, 1983; Milliman and Syvitski, 1992).
Because of this, large episodic floods are important for trying to understand the controls
behind near-field sedimentation. These large discharge events generally create a flood
layer (Wheatcroft and Drake, 2003) that can be the sediment source for shelf clinoform,
or delta front, progradation.
One such delta that experiences both large floods and a suite of active physical
processes is found where the Po River enters the northern Adriatic Sea (Fig. 1). The Po
River delta is a very active delta, with human habitation and documented large-scale
progradation and avulsion for at least the last 3000 years. Studying the Po River is of
interest for several reasons: (1) As the largest river entering the Adriatic Sea, it is the
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major source of freshwater, sediments, and nutrients to the northern Adriatic; (2) It is
intermediate in size compared to rivers previously studied in detail; such as the Eel
(small) and Amazon (large); (3) The northern Adriatic is influenced by multiple distinct
large wind regimes; (4) The Po delta area was the sight of an extensive field sampling
program in 2000-2003 (Nittrouer et al., 2004).

1.2 Objectives
For the Po subaqueous delta, there remains uncertainty about the influence of
wave and current regimes set up by the prevailing winds on near-field sediment transport
and delta morphology. The importance of high density flows, as seen off of other rivers,
in explaining the Po delta morphology is presently unknown. Another question concerns
the importance of transport mechanisms, such as currents, waves and gravity flows,
relative to other processes like bioturbation and flocculation in driving sediment
transport.
The main objective of my project is to examine the physical processes behind the
propagation of the present day Po subaqueous delta, including the emplacement and
modification of flood deposits from the Po River and the near-field sediment dynamics.
The project objective will be addressed through 3 main research questions:
1. How do settling from the river plume, wave resuspension, and transport by currents
influence the Po delta and near-field sediment dynamics?
2. How well does a numerical model that includes sediment settling, resuspension,
and suspended transport represent field observations?
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3. Are these the dominant physical processes, or are there others as important, such as
gravity flows, bed consolidation, and biological activity?
These questions are addressed through the modeling of hydrodynamics and
sediment transport within the Adriatic Sea for the time of September, 2002 through
March, 2003. The Regional Ocean Modeling System (ROMS) numerical model is used
(see http://marine.rutgers.edu/po/index.php, Haidvogel and Beckman, 1999; Shchepetkin
and McWilliams, 2005). Chapter 2 includes a more detailed description of ROMS.
Three sets of model runs were conducted to examine the posed scientific
questions; (1) simulation, (2) idealized, and (3) model sensitivity. The simulation runs
attempt to use real life time-series forcing to simulate a specified time period, in this case
September, 2002 until March, 2003. The idealized runs attempt to represent the two
frequent types of wind events to determine their impacts on near-field sediment transport.
Sensitivity runs were conducted to investigate how sediment transport parameters, such
as critical shear stress and erosion rates, influence model results. Flood timing runs, a
variation of the idealized runs, were conducted to see the effect of the strength and
relative timing of wind and wave events, along with the initial strength of the coastal
current, on the Po River sediment deposit

1.3 Background
The rest of this chapter provides background material on sediment transport, the
Adriatic Sea, and the Po River.
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1.3.1 Continental Shelf Sediment Transport
The STRATAFORM project, focused offshore of the Eel River in Northern
California and the New Jersey bight on the North American east coast, elucidated the
processes operating on continental margin sediment transport (see Nittrouer, 1999).
EUROSTRATAFORM has followed with the intent to better understand entire systems
from the source to the sink, and to evaluate developed models on a more global scale.
EUROSTRATAFORM is being conducted off of the Norwegian and Portuguese margins,
the Gulf of Lions, France, and the Adriatic Sea, Italy. This thesis focuses entirely on the
Adriatic Sea, specifically the northern Adriatic and Po River. EUROSTRATAFORM
work in the Adriatic Sea has thus far included extensive seabed and water column
sampling along with hydrodynamic and sediment transport modeling (Nittrouer et al.,
2004; Sherwood et al., 2004).
Three main physical processes appear to drive continental shelf sediment
transport: currents, waves, and bottom boundary layer gravity flows (Grant and Madsen,
1986; Smith and Hopkins, 1972; Sternberg and Larsen, 1976; Wright et al., 2002). In
areas with large tidal ranges, such as offshore of the Amazon River, tidal currents can
transport sediment far from its original source (Sternberg et al., 1996). Waves have been
shown to dominate sediment resuspension on many continental shelves, such as off New
Jersey, California, Washington, and in the Adriatic Sea (Butman et al., 1979; Drake and
Cacchione, 1985; Passega, 1967; Smith and Hopkins, 1972; Sternberg and Larsen, 1976).
Once suspended, sediment is transported by ambient currents or gravity flows (Passega et
al., 1967). Gravity flows have recently been shown to potentially play a large role in the
transport and deposition of sediments on both active, off the Eel River, California, and

passive, off the Amazon and Po Rivers, margin environments (Friedrichs and Wright,
2003; Harris et al., 2005; Sternberg et al., 1996; Traykovski et al., 2000; Traykovski et
al., in press; Wright and Friedrichs, accepted). Most gravity flows on the shelf occur as
non-autosuspending flows and require the input of energy from an outside source, usually
waves, to keep sediment in suspension and the sediment/water mass flowing (Wright et
al., 2001).

1.3.2 Adriatic Sea
The Adriatic Sea, located between Italy and the Balkans, is an epicontinental sea
trending northwest-southeast with the long axes -800 km long (Fig. 1). Exchange with
the Mediterranean Sea takes place over an 800 m deep sill through the Otranto Strait.
Three features characterize the Adriatic Sea bathymetry. The northern Adriatic is shallow
(<100m) and has a very gentle slope (-0.02°). Two depressions occupy the middle and
southern regions of the Adriatic, at about 250 m and about 1200 m deep respectively
(Fig. 2). Artegiani et al. (1997) and Poulain (2001) show the yearly persistence of large
cyclonic gyres in the middle and southern Adriatic (Fig 1). An intensified western
boundary current, called the Western Adriatic Coastal Current (WACC), begins near the
Po delta and flows to the south with long-term (9 year) average speeds of up to 0.35 m s'1
(Poulain, 2001).
Two distinct wind regimes, Bora and Sirocco, dominate conditions in the Adriatic
and influence basin wide circulation. Bora winds are cold, dry northeasterly winds that
blow as distinct bands due to funneling through mountains to the east of the Adriatic Sea
(Pasaric and Orlic, 2004). Siroccos are warm, wet southeasterly winds and show a

general west to east strengthening (Pasaric and Orlic, 2004). Kourafalou (2001) showed
Boras to be downwelling and Siroccos to be upwelling favorable in the Po delta region.
Bora winds typically intensify the WACC causing a plume of freshwater and suspended
sediment to extend from the Po River region past the Gargano Peninsula, about 450 km to
the south (Fig. 1). Sirocco winds reduce the coastal current and cause water to buildup in
the northern Adriatic, flooding the Venice lagoon (Orlic et al., 1994). During Sirocco or
low wind conditions, freshwater entering the Adriatic from the northern rivers, such as
the Po and Adige, remains in the north where it caps the surface with a plume of
freshwater (Orlic et al., 1994; Zavatarelli and Pinardi, 2003). Based on preliminary wave
model results and data, Bora winds generate large waves in the western Adriatic while
Siroccos produce large waves in the north and east Adriatic (Signell pers comm. 2005).

1.3.3 Adriatic Sea Sediment Transport
Three main groups of rivers discharge freshwater and sediment to the Adriatic
(Fig. 3). The first, along the eastern Adriatic, or Croatian, coast, drains karst topography.
Although these contribute a fairly large amount of freshwater (Fig. 3), their sediment
input to the Adriatic is negligible (Cattaneo et al., 2003). The northern Adriatic rivers
(including the Po, Adige, and Brenta) drain the Alps and dominate freshwater input to the
Adriatic, mostly due to contributions from the Po River. These rivers account for roughly
36% of the sediment discharged to the Adriatic (Cattaneo et al., 2003). The Apennine
rivers are relatively short, but drain the easily erodible Apennine mountain range running
down the center of Italy (Nelson, 1970). The Apennines discharge around 3.2x107 t y"1 of
sediment to the Adriatic, or -60% of the total sediment discharge (Cattaneo et al., 2003).
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Fine sediments added to the northern Adriatic from the Po River are likely carried
by the strongly flowing WACC (Wang and Pinardi, 2002). Although sediment is
accumulating in the near-field leading to progradation of the subaerial delta, the ultimate
area of accumulation for some of these sediments may be as far south as the Gargano
subaqueous delta (Fig. 1, Cattaneo et al., 2003; Frignani et al., 2005; Nelson, 1970). Also,
Bora winds can set up a gyre that transports material from the Po River northeast of the
mouth (Orlic et al., 1994; Wang and Pinardi, 2002).
The Adriatic bed sediment distribution is created by the spatial heterogeneity of
supply and transport within the Adriatic Sea, with dispersal apparently dominated by
waves, currents, and gravity flows (Cattaneo et al., 2003; Friedrichs and Wright, 2003;
Passega et al,, 1967; Wang and Pinardi, 2002). Muddy sediments are found off the Po
River, and form a belt around the 40 m isobath along the western coastline (Fig. 4). On
either side of the western Adriatic mud belt sediment coarsens to sands, both towards the
Italian shore, and to the east towards Croatia.

1.3:4 The Po River and Delta
In terms of discharges, the Po River is intermediate to many rivers that have been
studied, such as the Eel, Waiapu, Apennine, Amazon, and Mississippi Rivers (Table 1).
The Eel, Waiapu, and Apennine Rivers are small mountainous rivers with highly variable
hydrographs where much of the yearly sediment discharge occurs during one or two
events (Hicks et al., 2000; Milliman and Syvitski, 1992; Sommerfield and Nittrouer,
1999). A large difference between the Po and a true small mountainous river is the
duration of typical flood pulses. While floods of the Eel and Waiapu rivers last for only a
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few days, the Po River floods for longer periods of time, with flood pulses persisting for
weeks to months. This implies sediment discharged during Po River floods is not only
dispersed under storm conditions, but also relatively calm conditions. In contrast, river
systems such as the Amazon and Mississippi are much larger in terms of absolute
sediment and water discharges, but have much smaller variations in hydrographs and
sediment discharge (Table 1) (Wright and Nittrouer, 1995). For comparison, the Amazon
freshwater discharge varies throughout the year by a factor of two to four (Nittrouer et
al., 1995), the Po River varies by up to 20, and the Eel by up to -10,000 (Wheatcroft et
al., 1997).'
The Po River dominates discharges into the Adriatic, accounting for almost a
third of the total freshwater (-47.3 km3 yr '*), and at 1.5xl07 t y'1 is the single largest
supplier of sediment (Cattaneo et al., 2003) (Figs. 3 and 5). It drains both the Alps and
northern Apennines (Tomadin and Varani, 1998), and discharges through five
distributary mouths: the Pila, Tolle, Gnocca, Goro and Maestra with freshwater
discharges of 61,12,16, 8 and 3 % of the discharge, respectively (Fig. 6) (Nelson, 1970).
The Pila mouth, based on results from the HYDROTREND model, discharges -73% of
the suspended sediment (Syvitski et al., 2005). Data shows this sediment is composed of
23% sand, 70% silt, and 7% clay (Nelson, 1970).
The prodeltaic wedge making up the modem Po subaqueous delta sits atop the
maximum flooding surface from the last marine transgression and has a characteristic
clinoform shape (Fig. 7). It contains 5 distinct lobes; each originating at a different Po
River distributary, then merging together and overlapping offshore (Correggiari et al.,
2005). The modem Po delta, which has evolved over the last -850 years, shows the same
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asymmetry as recent flood layer deposits, thickening to the northeast and thinning
towards the southwest (Correggiari et al., 2005). The subaqueous delta extends offshore
for about 33 km with a maximum thickness of about 30 m (Correggiari et al., 2005).
Waves within the Po River region are important in the movement of sediments by
along-shore transport. This is shown in the wave dominated morphology of the lesser Po
River distributary mouths, that is, in the shore parallel bars and spits, and relatively
smooth coast (Fig. 6). During the winter months wave heights of two to three meters
occur frequently, and may last for a few days (Nelson, 1970). Shear stresses created by
these large waves suspend sediment to concentrations as high as 0.5 g L'1 at 30 cm above
the bed, and near 50 g L'1 at the bed (Lee et al., 2005; Traykovski et al., in press). During
the spring the wave climate changes to a predominantly one to two meter swell coming in
from the southeast (Nelson, 1970). Winds during the summer and fall generally do not
produce energetic wave conditions in the Adriatic (Nelson, 1970).
The tidal range in the Adriatic, and off the Po Delta, is small. It varies from 20
cm in the central Adriatic to a maximum of 84 cm at Trieste (Nelson, 1970). The average
tidal range at the Po delta is only 60 cm, and is mixed-semidiurnal. In the open Adriatic
Sea, maximum tidal current velocities reach a moderate 25 cm s'1.
Wind- and density-driven currents off the Po delta can be very strong (Nelson,
1970). The speed and direction of currents near the Po delta varies in response to seasonal
wind patterns, with observed mean current velocities as high as 70 cm s'1 (Artegiani et
al., 1997; Nelson, 1970; Traykovski et al., in press). Traykovski et al. (in press) observed
mean current velocities strong enough to mix sediment concentrations of hundreds of mg
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L'1up into the water column. The predominantly along-shore directed current drives an
order of magnitude more flux along-shore than across-shore (Traykovski et al., in press).
Observations made by Traykovski et al. (in press) imply that wave induced
gravity flows occur on the Po subaqueous delta. From 10 November, 2002 to 8 February,
2003, they observed three wave boundary layer fluid mud events that coincided with
periods of large wave. Using a model that fits their observations, the gravity flows on the
Po River subaqueous delta are estimated to travel about 4-6 km across the shelf at a speed
of ~7 cm s 1 (Traykovski et al., in press).
Two significant floods occurred during the EUROSTRATAFORM program. The
o

1

first saw discharge levels of the Po exceed 3000 m s' , twice the yearly average, from
October-December, 2000. The flood peaked on 20 October, 2000 at 9650 m3 s'1 (taken
from daily time-series of Po River discharge). Measured suspended sediment
concentrations are not available for this event, but a sediment yield model,
HYDROTREND (see Syvitski et al., 1998), was used to estimate the sediment loads.
HYDROTREND predicts a maximum suspended sediment discharge and concentration
of 56,500 kg s 1 and 6.3 kg m"3, respectively (Kettner and Syvitski, in press).
HYDROTREND estimates a discharge of 3.4xl07 tonnes of sediment from 14 October
through 14 December, 2000. While a significant flood, unfortunately, there is little water
column data for this event.
Though not as large, a significant flood also occurred in November and December
of 2002 (Fig. 5). The 2002 flood lasted for about three weeks, with a HYDROTREND
estimated sediment discharge of 2.1xl07 tonnes (Kettner and Syvitski, in press). This
flood coincided with deployment of instrumentation on the Po subaqueous delta as part of

13
the EUROSTRATAFORM and Po and Apennine Sediment Transport and Accumulation
(PASTA) project 2002/2003 field deployments. Seabed samples were collected in
February and May 2003 to determine the thickness and extent of the flood deposit using
7Be and X-Radiographs (see Palinkas et al., 2005). Tripods were located on the Po delta
to help understand current velocities, suspended sediment concentrations, and sediment
fluxes (see Fig. 5 and Fain et al., in press; Traykovski et al., in press).
Most suspended sediments discharged by the Po River have undergone
flocculation before reaching the Adriatic, or flocculate immediately upon entering (Fox et
al., 2004a). This leads to large amounts of deposition directly off each Po distributary
mouth during flooding. Flood layers produced by the Po River are thickest off the Po Pila
mouth and thin to the northeast and southwest (Palinkas et al., 2005; Wheatcroft et al.,
2006) (Figs. 8 and 9). The flood layers are asymmetric with steep slopes to the northeast
and shallower slopes to the southwest. The elongated flood deposit stretches in the
direction of the less dominant Po River mouths, apparently following ambient currents
(Correggiari et al., 2005; Palinkas et al., 2005). On a 100 yr timescale Palinkas et al.
(2005) estimate up to 47% of the sediment discharge is preserved on the subaqueous delta
(Fig. 10). The fate of the remaining 53% is not precisely known, but may be dispersed
throughout the northern Adriatic or transported along the western coast by the WACC.
Sediment budgets calculated for the Po delta are sensitive to errors in estimating
the sediment load of the Po River. If, for example, HYDROTREND overestimates the
sediment load by a factor of 2, then, based on Palinkas et al. (2005) and Wheatcroft et al.
(2006), the Po delta could account for nearly all the discharged sediment. Numerical
modeling is a good way to investigate this uncertainty because the sediment budget can
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be closed within the model. It also allows for a direct interpretation of how different
processes or features of the study region, such as large wind events or bed armoring,
influence the sediment dynamics.

Chapter II

Numerical Modeling Methods of Resuspension and Transport for the Adriatic Sea and
Po Delta
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Chapter 2
This section reviews previous use of numerical models to study sediment
transport in coastal environments. Specifics of the Regional Ocean Modeling System
(ROMS) are covered in more detail. Methods that are used in both chapters three and four
are also presented.

2.1 Sediment Transport Numerical Models
One- and two-dimensional numerical models have been used with good results to
model wave and current resuspension in continental shelf settings (see Harris and
Wiberg, 2001; Wiberg et al., 1994). Traykovski et al. (In Press) use a 1-dimensional
model to accurately hindcast wave and current resuspension in the study area off the Po
delta. One- and two-dimensional models, however, fail to capture much of the spatial
variability inherent in larger areas and cannot fully account for erosion and deposition.
Varying river plume movement and water column flow make a fully three-dimensional
model necessary to investigate sediment transport on the scale of this study.
Numerous three-dimensional numerical models have been used in locations
ranging from the open coast to tidally driven estuaries. A modified version of the
Estuaries and Coastal Ocean Model - Sediment (ECOMSED) was used by Harris et al.
(2005) to reproduce the depositional footprint and thickness of the flood deposit produced
from the 1997 flooding of the Eel River. Lin and Kuo (2003) used the Hydrodynamic Eutrophication Model (HEM-3D) to reproduce the salinity and suspended sediment
structure in the York River. A widely used model, the Princeton Ocean Model (POM),
was used by Kourafalou et al. (2004) to model sediment dispersal from rivers in the
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northern Aegean Sea. Wang and Pinardi (2002) modeled sediment transport in the
Adriatic Sea using the Adriatic Sea General Circulation Model.
The model used in this study, the Regional Ocean Modeling System (ROMS), has
been shown to accurately reproduce observed physical oceanographic conditions, Warner
et al. (2005) present a detailed model to data comparison showing ROMS can accurately
represent the complex salinity structure in a tidally driven estuary. Wilkin et al. (2005)
show how ROMS can be used with measured data and concurrent model results in a real
time forecasting mode and skillfully reproduce the observed temperature and current
variability.

2.2 ROMS: Background
ROMS is a 3-dimensional, open source, free surface, and hydrostatic numerical
model (see Haidvogel and Beckman, 1999; Shchepetkin and McWilliams, 2005). The
model grid is orthogonal curvilinear in the horizontal and, stretched terrain following in
the vertical, allowing for high resolution near the surface and seabed. Many turbulence
closure and high order advection schemes have been implemented within the model. The
above features make ROMS preferable to other terrain following models, such as
ECOMSED.
Sediment is modeled in ROMS using sediment settling, resuspension by waves
and currents, and transport via currents. Multiple sediment classes are allowed. Each
sediment class is assigned a diameter, density, settling velocity, critical shear stress, and
erosion rate constant. This allows for a more realistic representation of the sediment bed
and riverine discharge, and should improve sediment flux, deposition, and erosion
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predictions over models that use a single sediment class. Sediment is horizontally
advected using the Multidimensional Positive Definite Advection Transport Algorithm
(MPDATA) advection scheme, which is not very diffusive and does not allow for
negative concentrations (Hasumi and Suginohara, 1999). Sediment settling uses the
Piecewise Parabolic Method (PPM, James, 1996; James, 2000; Srivastava et al., 2000).
The PPM works well because it is not constrained by the Courant-Friedrichs-Lewy
condition, and the solution remains stable for longer time-steps.
The wave and current combined bed shear stress is calculated using the two layer
eddy viscosity method of Madsen (1994). With bed shear stress known, sediment erosion
is predicted using the principle of a surface active layer. Only sediment present in the
surface active layer is available for resuspension, and the thickness of this layer depends
upon the characteristics of the sediment classes, such as the diameter and critical shear
stress, and the bed shear stress (Harris and Wiberg, 1997). Typical thicknesses for the
surface active layer are on the order of a few grain diameters to a few millimeters.
Erosion from the surface active layer is calculated using the Partheniades equation
E =0
Equation 1

where E is the amount of sediment eroded (kg m'2 s'1), M is the erosion rate (kg m'2 s'1),
tb is the bed shear stress (Pa), and xCTis the sediment’s critical shear stress (Pa)
(Partheniades, 1965). Bed armoring occurs as the more easily suspendable classes are
winnowed, leaving a higher fraction of the less suspendable classes in the surface active
layer.
Sediment deposition is calculated in ROMS using the equation
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D = wsCs

Equation 2
0

\

where D is the deposition rate (kg m' s ' ), and ws and Cs are the sediments’ settling
velocity (m s'1) and concentration (kg m'3), respectively.

2.3 ROMS: Model Specifics to This Study
This section presents the model setup and forcing specific to this study. It covers
the grid, sediment class properties, initialization, and meteorological forcing.

2.3.1 Grid
Previous to this study two ROMS grids were implemented within the Adriatic
Sea, with cell edge lengths of 3-4 and 2 km, respectively. Both grids lack the horizontal
resolution needed to address the questions posed by this study. A grid of 90x235 cells and
20 vertical layers was therefore generated with fine resolution over the Po Delta (cell
edge -750 m), decreasing to the southeast (cell edge -13 km, Fig. 11). The minimum
water depth is 3 m; water depths in regions shallower than this were increased to the 3 m
cutoff. The shape of the Po River delta was manually edited to match the actual shoreline
as closely as possible. A smoothing routine was applied to the entire grid to filter out one
grid cell bathymetric irregularities. This was done to reduce errors associated with
excessively steep topography. The eastern half of the grid received a second application
of the smoothing routine to improve model stability.
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2.3.2 Sediment - Grain Classes, Bed Initialization, and Discharge
Six sediment classes were used for this study. Four classes were initialized
uniformly on the bed, and two were discharged from the Po River (Table 2). Settling
velocities for the finest two classes, both on the bed and discharged by the Po River, were
set based on observations made by Fox et al. (2004a). The third size class was set as a
fine sand. The critical shear stresses for all but class 4 were set based on the Shields
curve. Erosion rates were set by John Warner, USGS, based on van Rijn (1993). To aid in
bed armoring, size class 4 was set to be nontransportable gravel. Sensitivity runs varying
the sediments settling velocity, critical shear stress, and erosion rate were conducted.
Sediment transport and depositional patterns were not significantly changed in any of the
sensitivity runs. The magnitudes of sediment flux and depositional and erosional
thicknesses did vary throughout the sensitivity runs, although not enough to suggest any
of these parameters has an unusually large influence on the studies conclusions.
Po River sediment concentrations were obtained from HYDROTREND for the
measured freshwater discharge used in the model runs (Syvitski et al., 1998).
Concentration data for the Po River was provided for each of the five distributaries
(Syvitski et al., 2005). Based on Fox (2004b), sediment discharged form the Po River was
assumed to be 90% flocculated (size class 6, ws = 1 mm s*1) and 10% unflocculated (size
class 5, ws = 0.1 mm s"1). Of the HYDROTREND predicted discharge, 16% was
estimated to be sequestered within the subareal delta (Syvitski et al., 2005). During the
2002-2003 simulation, this results in a delivery of 15 million tonnes of sediment to the
coastal ocean.
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2.3.3 Water Column Initialization
Temperature and salinity fields were initialized based on an initialization file
generated by Rich Signell (USGS) that represents data collected on hydrographic
surveys. Specifically, Signell interploated the NATO ADRIA02 Sea Trial (16 Sep - 13
Oct, 2002) on the R/V Alliance, the University of Ancona ANOSSIA1 cruise (16-20 Sep,
2002) on the R/V Dadaporta, and the ADRICOSM program data from 18 September,
2002 data onto the previous ROMS grid. Water column current velocities and suspended
sediment concentrations were initialized to zero.

2.3.4 Forcing
Meteorological and wave forcing for the modeled timeframe, September 2002
though March 2003, was obtained from Rich Signed (USGS). Meteorological forcing,
wind, air temperature, air pressure, relative humidity, and cloud fraction, is from the
Limited Area Model Italy (LAMI, see Dorns and Shattler, 1999). LAMI has temporal and
spatial resolutions of 3 hours and 7 km, respectively. Wave forcing is from the Simulated
WAves Nearshore model (SWAN, see Booij et al., 1999), which was forced using LAMI
winds.
The open boundary, the Otranto Strait, is treated as a free surface and uses a
radiation condition, which allows both momentum and tracers to exit the model domain.
Tides are forced with the 2-dimensional Flather condition at the open boundary (Flather
and Proctor, 1983). The Flather condition was chosen because it limits the amount of
barotropic flow reflection back into the model domain.
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Measured daily freshwater discharge was used where available; for the Po,
Pescara, and Bifemo Rivers. Daily discharge for the Po River was measured at
Pontelagoscuro, about 80 km from the mouth. Freshwater discharge from the Po River
was separated into 5 distributary mouths based on Nelson (1970). Even though the
smaller Po River mouths are more active during flooding (Syvitski et al., 2005), the
fraction of freshwater and sediment discharged by each mouth was kept constant.
Freshwater discharge for the remaining Apennine and Croatian Rivers were obtained
from Aquater (1982) and Raicich (1994).

2.4 Study Region
Figure 12 shows the location of the specific study region, as outlined by the black
box. In subsequent chapters current speeds and sediment fluxes from this region through
each of the three boundaries; north, east, and south, will be examined. Figure 12 also
shows the locations of the vertical profiles of suspended sediment concentration and
fluxes analyzed in chapters 3 and 4, and the locations where modeled wave
characteristics were evaluated.

2.5 Bora and Sirocco Events
Wind events influence sediment dynamics on the Po delta and are an important
component of analyses in subsequent chapters, so what constitutes a Bora and a Sirocco
event was specifically classified. The Bora and Sirocco wind indices generated for the
Adriatic Sea by Rich Signell were used to identify Bora and Sirocco events (Fig. 13). The
Bora wind index is a relative measure of the strength of the Bora component of the
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winds, the northeast component, within the Adriatic. It is calculated at three locations, all
of which fall along the line connecting 43.3N latitude 14.8E longitude and 45.7N latitude
13.0E longitude (see Fig. 14). Specifically, the index combines three wind speeds: 1) the
maximum northeast wind component off of Trieste, 2) the minimum northeast wind
component between Trieste and Kvamer Bay, and 3) the maximum northeast wind
component off of Kvarner bay (Fig. 14). After applying a 33 hour low pass filter to these
time-series, the three values were averaged to give a single representative Bora wind
component, in m s'1, for each modeled time. The Sirocco wind index is the low pass
filtered southeast wind component as averaged over the northern Adriatic.
Times within the study period when the Bora wind index exceed a threshold value
were selected as Bora events. Numerous threshold values were analyzed; each producing
different average event wind speeds, average event durations, and number of events
(Table 3).
The threshold was then limited to identify wind events that significantly influence
the physical processes of interest. Two independent methods limit the threshold index to
those greater than 12 m s'1. First, a significant wind event should generate waves and
currents large enough to produce significant sediment transport; eight to nine distinct
sediment transport events occurred during the modeled time frame (September 2002 March 2003, Chapter 4). Based on table 3 eight to nine events limits the threshold to
around 11 m s '1 and greater. Second, wind events should be associated with periods of
strong waves and currents near the delta. Table 4 shows stronger correlations between the
wind indices and current speeds above a 12 m s'1threshold.

24
The final threshold was chosen based on the correlation coefficients between the
wind indices and current speeds, and number of transport events, for those wind events
whose Bora index equaled or exceeded 12 m s'1. Cutoff speeds of 12, 12.5, and 13 m s'1
all lead to a number of events equal to, or within one of, the number of significant
transport events. Of these, a threshold of 13 m s'1has the highest correlation between the
wind and current speeds (Table 4). Bora events are therefore identified as events where
the Bora wind index equals or exceeds 13 m s'1. This threshold yields eight events within
the study period and an average wind event duration of 1.2 days.
Only about three strong periods of Sirocco winds occurred, too few to complete a
detailed classification scheme. However, a threshold of 7.5 m s'1 was chosen as
representative of Sirocco events (Fig. 13). This threshold limits the events to those that
are definitively above the background values.

Chapter III

The Influence of Bora and Sirocco winds on near-field sediment dynamics

Chapter 3
In this chapter I examine idealized model runs in an attempt to better understand
the main transport regimes off of the Po delta. The idealized runs represent the two
dominant wind regimes: Bora and Sirocco, using steady winds and waves. Chapter 4
describes the more complex simulations that use realistic time-varying forcing.

3.1 Model Run Description
Forcing files were created representing Bora and Sirocco conditions to determine
how the dominant wind regimes influence water flow and sediment transport within the
Po delta region. Meteorological and wave forcing was generated as discussed in section
2.3. Only specifics to the idealized model runs are presented here.

3.1.1 Model Forcing
The idealized winds and waves used in this study were spatially varying yet held
constant in time (Fig. 15). The times chosen to represent each wind regime correspond to
the maximum Bora and Sirocco magnitudes from the wind indices shown in figure 13.
The Bora event is that of 9:00 9 January, 2003 and the Sirocco is 6:00 16 November,
2002. Modeled Bora winds are similar to conditions as averaged over all Bora events
(Fig. 16), although, the idealized forcing shows more spatial structure in the northern
Adriatic. The event averaged winds are also slower than the modeled Bora winds. A
comparison between idealized and event-averaged Sirocco winds is not shown because
too few Sirocco events occurred during the 2002-2003 time period to generate an event
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averaged plot. Waves used for the Sirocco run are those that coincide with the time
chosen for the winds. Bora waves are offset by three hours, 12:00 9 January, 2003, to
coincide with larger significant wave heights in the north Adriatic.
Po River discharge for the idealized runs was set at an intermediate value between
the maximum 2002 flood discharge and the yearly average. This input sufficient sediment
to accurately interpret the model results, while limiting the amount of buoyancy forcing
generated by the freshwater to a moderate amount. The Po River freshwater discharge
was a constant 4500 m3 s'1, corresponding to a sediment discharge of 2.5x103 kg s’1.
Twenty days were modeled to allow time for the hydrodynamic model to near
equilibrium with the winds. A 40 day run yielded similar results to the 20 day run, so this
chapter analyses the 20 day runs
Varying Po River discharges are shown in section 3.2.7 to not significantly
influence the results presented in this chapter. Another set of model runs using unsteady
Bora and Sirocco conditions was run, and is described in more detail in the section 3.2.6.
The unsteady cases are used to highlight the importance of temporal variation in the wind
fields, but, in general, showed similar results to steady forcing, therefore, this chapter
focuses on the simplified, steady runs.

3.2 Results
This section presents findings on how Bora and Sirocco wind regimes influence
near-field sediment transport and hydrodynamics. Subsequent results sections explain
how the major topics, such as the hydrodynamics and fluvial sediment export, are
influenced by Bora and Sirocco winds.
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3.2.1 Hydrodynamics
Some results, and later analysis, are based on the assumption that modeled
hydrodynamics and sediment transport have adjusted to the input wind and wave
conditions by day 20. Two lines of evidence show this is reasonable. Deposition and
erosion patterns are the same at day 20 as at the end of the 40 day model run (figure not
shown), and little acceleration is seen in the current velocities following initial spin-up
(Figs. 17 and 18). Depth-averaged currents along the southern boundary of the study area
were examined to determine the time required for the currents to adjust to the winds.
Spin-up was set assumed to be the time directly after the initial large current
accelerations, about 2.5 and about 5 days for Bora and Sirocco conditions, respectively.
Bora and Sirocco winds influence the entire water column through the stress
applied to the water surface. The winds influence basin wide sea surface height creating
large barotropic pressure gradients that in turn help to drive depth-averaged currents (Fig.
19). Bora conditions generate cyclonic gyres within the northern Adriatic in both the
surface and depth-averaged currents (Figs. 19A and 20A). These gyres restrict the
formation of a coherent southward flowing coastal current. As seen by previous studies,
the zero velocity line separating the two gyres is located between the maximum and
minimum velocities in the Bora wind bands (Orlic et al., 1994). Sirocco winds generate
surface currents that flow northward in the same direction as the winds (Fig. 20B). In the
depth-averaged currents, Sirocco conditions generate a coherent northward current in the
eastern Adriatic and a southward return flow over the western Adriatic and Po delta,
consistent with Orlic et al (1994) (Fig. 19B). Both winds produce a low velocity zone
directly south of the Po delta.
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The Po River plume responds to forcing by the wind stress and the surface
currents, leading to the buildup of Po River water just south of the delta. Some freshwater
flow into the northwest Adriatic occurs during Sirocco conditions, and is stored along the
western coast south of the delta during Bora conditions (Fig. 20).

3.2.2 Bed Shear Stress
Patterns in bed shear stress reflect the influence of both currents and waves (Fig. .
21). Regions of high wave induced bed shear stress vary for each wind regime, but are
prevalent nearshore of the 20 meter isobath during both winds. Time-averaged bed shear
stresses peak at 9 and 7 Pa for Bora and Sirocco winds, respectively, but in water depths
less than about 10 m are less than about 4 Pa. Sirocco winds blow from the south,
creating areas of higher bed shear stress along southward facing shores, such as the
shoreline of the northern Adriatic and the southern face of the Po delta (Fig. 2 IB). Bora
winds blow from the east as distinct bands and generate high wave induced bed shear
stress along the Adriatic’s north shore and western coast south of the Po delta (Fig. 21 A).
Waves produced by the wind regimes appear to be the dominant control on bed shear
stress in the north Adriatic (Fig. 21 C, D).

3.2.3 Bora and Sirocco Comparison
Time- and depth-averaged current speeds, as averaged over the study region, are
higher under these modeled Bora than Sirocco conditions, 0.25 compared to 0.17 m s'1,
respectively. Both events have the same time-averaged wave heights in the study region,
1.7 m. The Sirocco event has a longer period, 7.1 compared to 5.9 s. This longer wave
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period leads to the higher average shear stress during the Sirocco case over the study
region seen in figure 21. The combined wave and current bed shear stress patterns and
magnitudes seen in figure 21 are very similar to those as averaged over all the wind
events in the simulation run (figure discussed in Chapter 4, Fig. 60). In terms of bed shear
stress patterns, the Bora and Sirocco conditions modeled here appear to well represent
average, or longer term, Bora and Sirocco conditions.

3.2.4 Fluvial Sediment Export and Deposits
The two wind regimes produce different fluvial sediment export rates, with 40 %
more net sediment export from the Po delta region occurring under these Sirocco
conditions than under these Bora conditions (Table 5). Net flux was directed away from
the delta at all but the northern boundary during Bora winds; with export through the
southern boundary being dominate. During model spin-up, under Bora conditions, there
is too little fluvial sediment present in the system to determine the driving factors behind
export through the northern and eastern boundaries, which has a maximum rate of -0.1 kg
s'1 as summed over these boundaries (Figs. 22 and 23). Figure 24, however, shows
sediment flux through the southern boundary occurs in the mid-water-column, with
significant sediment flux at about 13 meters water depth. After the model has adjusted to
the winds, sediment flux through the northern and southern boundaries is more driven by
the surface currents, while transport at the eastern boundary is influenced by currents
throughout the water column (Fig. 24). With Sirocco winds sediment flux across the
southern and eastern boundaries is driven by the currents lower in the water column
(Figs. 25-27). The northern boundary, however, is forced by the near-surface currents
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(Fig. 27). Figure 22 suggests that export rates may continue to grow as the model
progresses because complete equilibrium conditions were not reached with respect to
fluvial sediment flux.
Sediment deposits produced under the two wind conditions are similar in that the
thickest depocenters are off of the Po River mouths and to the south of the delta (Fig. 28).
The main difference is in the overall shape and location of the deposits. The Bora deposit
is spread to the east under the gyre, while that of the Sirocco is confined to the south near
the delta and slightly offshore of the western coast. Bora conditions retained 95% and
97% of the discharged sediment within 25 and 50 km of the distributary mouths,
respectively. The Sirocco deposit retains 95% and 96% within 25 and 50 km. Another
important feature is that 6% of the Sirocco deposit is south of the Po delta region where it
cannot be resuspended within a northern gyre and returned to the delta. Only 4% of the
Bora deposit has been exported to the south. Three percent of the Bora deposit lies north
or east of the study region, compared to -0% for the Sirocco conditions.
The disaggregated sediment fraction is much more dispersive than the
aggregated. Even though accounting for only 10% of the discharged sediment, it blankets
a much larger area of the Adriatic than does the aggregated sediment class (Figure not
shown, aggregated and disaggregated components analyzed in detail in chapter 4). Bora
winds retain 99% and 17%, or, 3.83 and 0.07 million tons, of the aggregated and
disaggregated sediment within the study region, respectively. Sirocco conditions lead to
the retention of 94% and 22%, 3.64 and 0.09 million tons, of aggregated and
disaggregated sediment, respectively.
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3.2.5 Bed Sediment Export and Deposits
Fluxes of resuspendable sediment from the bed, through most boundaries, show
both depth-averaged and bottom currents affect export rates (Figs. 29-32). Under Bora
winds, after nearing steady state, for all three boundaries, a greater percentage of the
export occurs in the surface layers, but transport near the middle of the water column
dominates (Fig. 24). With Sirocco conditions, after about 5 days, export is most
correlated to bottom currents, with most of the sediment still transported in the lower half
of the water column. Sediment flux continues to increase throughout the model runs as
more sediment is suspended. Near-bed currents and those to the middle of the water
column transport most of the sediment, as the highest sediment fluxes occur in the lower
half of the water column (Figs. 24 and 27).
Deposits of the resuspendable bed material show an interesting feature; many
erosional areas under Bora conditions are depositional under Sirocco, and vice versa (Fig.
33). Bora conditions deposit sediment south of the delta, while this is the site of erosion
under Siroccos. The southern face of the delta experiences higher wave shear stresses
under southerly Sirocco wind conditions, generating a more erosive environment. Also,
under Sirocco conditions, directly off the Pila mouth there is a depositional bed curving
to the southwest, which is more erosional under Boras. Currents slow as they sweep
around the delta under Sirocco conditions creating a deposit off the Pila mouth. Under
Bora winds, however, this area has energetic currents that erode the seabed.

3.2.6 Time-varying Bora and Sirocco Conditions
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Non-steady Bora and Sirocco runs that simulated a series of events were
conducted to see if they produced different results than the time invariant cases discussed
in sections 3.2.1-3.2.5. The largest Bora and Sirocco events during the 2002-2003 time
frame were chosen and hydrodynamics and sediment transport evaluated for repeated
occurrences of each. The Bora event spanned from 12:00 8 January, 2003 to 6:00 13
January, 2003, while the Sirocco spanned 3:00 14 November, 2002 through 21:00 16
November, 2002. These wind events were repeated successively for 20 days to model the
same duration as the steady runs. Wave forcing is SWAN waves from the same times.
Freshwater and sediment discharges were held constant at the same values as the steady
cases (4500 m3 s'1, 2.5xl03 kg s'1). The threshold wind speed used to delineate each event
was set at 7 m s 1 in the Bora/Sirocco wind index. The 7 m s'1Bora/Sirocco wind
component is in agreement with that chosen by Orlic et al. (1994) to represent Bora and
Sirocco conditions.
Allowing for temporal and spatial variation in the winds did not drastically
change the average circulation patterns (Fig. 34). Generated current speeds were on
average lower, however. The Western Adriatic Coastal Current (WACC) was produced
under both wind regimes, whereas under steady conditions Bora winds failed to generate
a WACC. Relaxation of Bora winds reduces the wind stress curl and thereby weakens the
gyres in the northern Adriatic (Table 6). Relaxation of the gyre strength allows the
freshwater stored to the south of the delta to flow southward and contribute to the
formation of the WACC. The influence of the relaxation of the Bora winds on sediment
transport is examined in more detail in the section 3.3. Sirocco conditions show
northward return flow near the coast to the south of the delta.
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Under time variant conditions Bora events exported about 20% more fluvial
sediment from the Po delta than Siroccos. This shows that under more realistic conditions
Bora winds may be a greater influence on sediment transport than Siroccos (Table 5).
With overall circulation the same as the steady case, fluvial and bed sediment
depositional patterns are generally the same as described in previous sections (Fig. 35).

3.2.7 Idealized River Discharge
Bora runs, as described in section 3.1.1, were conducted with a range of Po River
freshwater and sediment discharge to evaluate the sensitivity of the results to river
discharge. The Po River freshwater discharge was set at 1500,4000,4500, and 5000 m3
s'1, corresponding to suspended sediment discharges of 95,1700, 2500, and 3300 kg s'1,
respectively. Varying the idealized Po River discharge has little to no effect on the
depositional patterns produced, and is assumed to have little influence on this study’s
conclusions (Fig. 36).

3.3 Discussion
This section expands upon the above results and attempts to apply them to other
systems and longer timescales. Specifically, it explains modeled sediment fluxes and
depositional patterns, and argues that Bora wind events act as “characteristic forcing” for
the study region. Also, steady and unsteady runs are contrasted, to explain why a
coherent WACC is not generated under steady Bora conditions.
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3.3.1 Hydrodynamics
An examination of the steady and unsteady model runs shows both the strength
and the relaxation of Bora winds are important in the generation of a strong WACC.
Strong gyres formed during Bora conditions restrict the formation of the WACC. The
wind stress curl produced by orographic funneling of Bora winds has been shown to be
important in the overall Adriatic basin circulation, and specifically the generation of large
gyres (Lee et al., 2005; Orlic et al., 1994; Pullen et al., 2003). Here, larger mean wind
stress curl and current curl (vorticity) values in the northern Adriatic are used as a proxy
to represent larger wind forcing on gyre formation and stronger gyres, respectively. The
steady winds modeled in this study have higher wind stress curls than the unsteady
conditions, and produce very strong, persistent gyres (Table 6, Figs. 19 and 34). These
gyres stop the flow of water as a coherent current along the western shore and eliminate
the formation of the WACC (Fig. 19). However, as is seen in the time-varying idealized
case, when the winds relax a reduction in the wind stress curl occurs bringing about a
weakening of the gyres, as evidenced by a reduced vorticity (Table 6). An escape of
freshwater to the south then occurs favoring the generation of the WACC (Fig. 34).
Under unsteady conditions, Bora winds may dominate near-field sediment
transport because the hydrodynamics within the Adriatic seem to adjust to them quickly.
A shorter spin-up time under Bora conditions, 2.5 days compared to 5 days for Sirocco
conditions, is caused by the need for less water to be piled up in the northern Adriatic to
generate the modeled currents. With wind events within the Adriatic typically lasting for
only a few days (Fig. 13, Section 2.5), it is highly unlikely that steady state conditions
will be reached under any wind condition. Because currents under Bora events adjust
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more quickly than those under Siroccos, Bora winds may more strongly influence
sediment transport under realistic conditions.

3.3.2 Fluvial Sediment Correlations
Both Bora and Sirocco wind regimes have the capacity to export large amounts of
sediment from the Po delta region. Before this study, the author believed the northeast
Bora winds would intensify the WACC and create larger waves at the Po delta, both of
which would enhance the export of sediment. Sirocco winds, on the other hand, would
oppose the WACC and not always create large waves in the western Adriatic (Fig. 15),
both reducing export. These hypotheses were found to be false under the idealized
conditions studied. Given enough time both wind regimes create fast currents and
generate significant sediment export from the Po delta (Table 5). Under the steady
conditions modeled here, Sirocco winds produce a more direct conduit for the transport
of sediment away from the delta, a coherent WACC, causing them to actually export 1.7
times more fluvial sediment than the Bora winds (Table 5).
Most export from the Po delta occurs below about five meters from the surface.
Sediment settles from the buoyant plume quickly, facilitating transport by currents lower
in the water column. Both wave and current resuspension and current transport are
significantly influencing the sediment flux vertical profile. Fast surface current speeds
and resuspension from energetic wind and wave conditions generates two layer sediment
fluxes for the south and east boundaries.
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3.3.3 Fluvial Sediment Deposits
In general, the locations of Bora and Sirocco fluvial deposits are dictated by
current direction, areas of reduced bed shear stress, and the location of the river mouths
(compare Figs. 21 and 28). The greatest deposition occurs directly off the river mouths.
Other depositional areas are under reduced or convergent current flow, such as the
deposits to the south of the delta. Here the southward currents curve around the subareal
extension of the delta creating a lee side with slower currents helping to facilitate
sediment deposition. This is also an area of reduced bed shear stresses during Bora events
(Fig. 21). Because the wind band to the north significantly increase bed shear stress, the
Bora deposit stretching to the northeast of the delta does not extend to the far northern
Adriatic (Figs 21 and 28).
Different spatial structures in the Bora and Sirocco wind fields cause two distinct
deposits to emerge, and generate two separate influences on delta propagation. Under
Bora conditions, approximately 13% of the sediment is trapped within the gyre and
retained within the northern Adriatic where it can be resuspended and transported back
into the delta region. This transport of sediment to the east of the Pila mouth, along with
about 40% retained within two kilometers of the mouth, further promotes lateral
extension of the delta. On the other hand, with Sirocco winds, 3% is under where the
northern gyre would be, while 6%, six times more than with Bora conditions, is deposited
south of the delta. Sirocco conditions generate a direct conduit for the transport of
sediment to the south, facilitating southward growth of the delta and reducing the chance
the sediment will ever be returned to the delta once exported. The steady Sirocco winds
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used in this study are more efficient than the Bora winds at permanently removing
sediment from the delta and slowing its propagation (Table 5).

3.3.4 Bed Sediment
Spatial structure in the wind fields dictates the depositional and erosional patterns
present in the bed sediment. Waves generated by Sirocco winds from the south cause net
erosion from the southern face of the delta (Figs. 21 and 33). Energetic Bora waves are
concentrated to the north and south of the southern face causing this area to be net
depositional. Deposition is initially favored south of the delta under Bora winds because
it is an area of reduced current speeds in the lee of the Po River subareal delta and an area
of lower bed shear stress.
The redistribution of sediment produces a positive morphodynamic feedback
between the surface sediments’ grain size and bed shear stress. Figure 37 shows areas of
finer sediments have smaller roughnesses and lower bed shear stresses, especially the
curving bed off the Pila mouth during Sirocco conditions. The surface sediment in this
region is almost 100% the finest size fraction, and has bed shear stresses and surface
roughnesses two orders of magnitude lower than the surrounding area. This is used to
explain the regions of significantly lower bed shear stress south of the delta during Bora
winds, and off the Pila mouth during Sirocco winds that cannot be explained by simply
looking at the hydrodynamics and analyzing based on the winds and waves (Figs. 15 and
19).
The model predicts that as finer sediments are initially deposited, the bed
roughness decreases, in turn lowering the bed shear stress. A lowering of the bed shear
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stress further promotes the deposition and preservation of finer sediments. The opposite
is true for regions of net erosion. As finer sediments are initially removed, the surface
sediment’s average grain size increases, increasing both the roughness and shear stress.
This prevents finer sediments from being deposited. I think the models roughness
calculations are too sensitive to the surface sediments grain size, leading to an
overestimation of this morphodynamic feedback. An increased number of grain sizes, and
the inclusion of physical processes such as bioturbation, would limit the models ability to
produce seabed surfaces of single grain classes and reduce the morphodynamic feedback.

3.3.5 Winds Inferred from Sediment Deposits
Off of the Po River, it is possible to reconstruct the wind conditions during flood
layer deposition from intact observed flood layers. This analysis assumes flood layers are
thick enough to limit the amount of subsequent transport or reworking of the deposit to a
relatively small amount, or that sampling was completed shortly after deposition. Model
predictions for idealized Bora and Sirocco winds indicate that if a flood deposit extends
to the east, it was emplaced under a Bora influence. A deposit stretched strictly to the
south was likely emplaced under Sirocco conditions (see Fig. 28). If neither appears
dominant both wind regimes, or light winds, may have occurred during sediment
emplacement. These ideas can be tested by looking at the flood deposits produced from
the Po River floods in 2002 and 2000.
Limited sampling east of the Po River for the flood of December 2002 (Fig. 8)
makes it difficult to determine if the deposit extended towards the east. There is little
skewness of the deposit to the south, however, leading to the inference that there were
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either very light, or Bora winds. This is consistent with the fact that the later half of the
2002 flood occurred during strong Bora conditions (see Figs 5 and 13). The 2000 flood
deposit, as mapped by Palinkas et al. (2005) and Wheatcroft et al. (2006), shows some
features that resemble predicted Bora and Sirocco deposits, such as thicker deposits
around the 10-15 m isobath (Bora) and the extension of the deposit to the south (Figs. 8
and 9). Therefore, neither Bora nor Sirocco conditions appear to be strong or overly
dominant. This is consistent with the flood occurring under relatively weak wind
conditions (Palinkas et al., 2005).
The observed long-term (-100 years) deposit off the Po River shows the influence
of Bora wind conditions (Fig. 38). As shown in figure 38, the shape of the deposit off the
Goro and Gnocca mouths, and the offshore depositional band, matches the depositional
pattern shown in the Bora deposit. Because the data are sparse and do not extend far
enough offshore, a comparison between the far eastern reaches of the deposits is not
possible (Fig. 38). Depositional patterns under Sirocco conditions are less like those seen
in the observational data (see outlined patterns in Fig. 38). The Sirocco deposit is
stretched offshore and towards the south more than the observed deposit. Accumulation
over longer timescales, about 100 years, is more similar to the modeled Bora conditions
than the Sirocco.
Fluvial sediment deposits produced during the Bora idealized runs show a strong
resemblance to best estimates of the surface grain size distribution in the Northern
Adriatic (compare figures 4 and 28). Fine sediments discharged from the Po River are
transported towards the east forming an arc of finer sediments that slowly coarsens
towards the Croatian shore as distance from the source increases.
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The above analysis has focused on the Bora deposit direcdy off the delta, and the
extension to the east, however, there is a small amount of deposition shoreward of the 20
m isobath south of the delta at -44.5° north latitude (Fig. 39). This deposit is in
approximately the same location and has the same shape as that shown in the post 1500
AD deposition (Figs. 7A and 39). Both deposits show a reduction in depositional
thicknesses directly off the Reno River (see Fig. 7 for location), the deposit roughly
paralleling isobaths on its offshore edge, and a migration to shallower water in the middle
of its inner edge. This deposit is produced by the small gyre, the reduced current speeds
in this area, and the situation between the Bora wave bands (Figs. 15 and 19). The
Sirocco deposit shows slight deposition in this area, but does not reflect the structure of
the deposit well. Instead of disconnected depocenters, the Sirocco deposit is spread nearly
uniformly down the coast in this location. The Reno river may be the source of the
observed deposit, but the muddier sediments hugging the shore south of the Reno River
may suggest its sediment does not make it that far out onto the shelf before being
advected southward (Fig. 4). Also, sediment input from the Reno River is neglected in
this study, and the model shows that Bora winds can transport sediment to this location.

3.3.6 Large-scale Forcing and Long-term Deposit Predictions
The idea of “characteristic events” has been used to simplify complex forcing for
incorporation into stratigraphic modeling and basin fill and drainage models that operate
on timeframes on the order of thousands of years (Paola, 2000; Paola et al., 1992;
Swenson, 2005; Swenson et al., 2005; Tucker and Slingerland, 1997). This concept
assumes that over longer timescales the mean inputs: freshwater, sediment, storm

42
activity, etc; are not as important as the larger, more extreme events. Model predictions
are based on the large magnitude, low frequency events and neglect normal or
background conditions. Modeled systems are not limited to a single characteristic event,
but rather all events above a threshold value may be classified as characteristic events,
each with different magnitudes and recurrence intervals. From here “long-term” will be
considered the timeframe of 210Pb accumulation data, about 100 years.
Continental margin sediment transport models, such as ROMS, typically
incorporate complete time-series of model inputs and operate on time-steps of minutes to
hours. Werner (1999) emphasizes, however, that spatial patterns in natural systems may
be controlled by a larger overall forcing. Continuing on this line of thought it may be
possible to represent generalized long-term accumulation patterns based solely on forcing
from a single dominant climatic regime. Complicated regional weather patterns may be
broken up into their main components, with the most influential singled out as
characteristic events and idealized cases run using the most important large-scale forcing.
The previous section suggests that long-term depositional patterns off the Po
River delta can be modeled using a simplified approach, with Bora winds the
characteristic forcing. This study proposes the modification of the characteristic events
approach into “characteristic forcing”, which uses episodic events or large-scale
background forcing, whichever is the most important, allowing it to be applied to a broad
range of systems on centennial timescales.
Previous studies demonstrate the possibility of using a characteristic forcing
method to predict long-term continental shelf depositional patterns. For example, most of
the sediment discharged from the Eel River occurs during short floods, coinciding with
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winter storms and winds from the southeast (Harris, 1999). Sommerfield and Nittrouer
(1999) indicate that the prevailing wind direction during floods may be related to both the
location of individual flood deposits, and the long-term accumulation signal, but cannot
directly conclude that the long-term signal is driven by storm winds from the southeast.
Harris et al. (2004a; 2005) use a three-dimensional numerical model to accurately predict
the location of flood deposits from the Eel River using representative, yet simple, wind
fields that include storm winds from the southeast. Together these studies show it is
possible to predict the long-term accumulation pattern off the Eel River using a
characteristic forcing approach, where, in this case, the characteristic forcing is river
flooding coincident with strong storm winds from the southeast rotating to northerly
winds.
Smaller rivers can also show the tendency for sediment transport to be
significantly influenced by large-scale forcing. Kourafalou et al. (2004) conducted a
modeling study containing both process studies (idealized runs) and simulations for the
northwest Aegean Sea. Many of their conclusions relating to sediment transport within
that area are similar to those found in this study. Specifically, they found the long-term
pathways of suspended sediment, and their final depositional patterns, to be greatly
influenced by the general circulation within the study area. General circulation within the
northwest Aegean Sea is controlled by the basin shape, freshwater buoyancy, and wind
stress (Kourafalou, 2001; Kourafalou et al., 2004). As long as the study accurately
represents the river discharge during sediment transport events, the larger scale wind
patterns are left to force the general circulation and sediment depositional patterns.
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The Amazon River is an example of a system where the characteristic forcing is
dominated by normal conditions; two large-scale hydrodynamic features are singled out
and set as the characteristic forcing. Tidal currents Off the Amazon River are very strong
and important to sediment transport (Geyer et al., 1996; Sternberg et al., 1996). They can
be considered the first characteristic forcing mechanism. The second, the North Brazil
Current, flows to the north along the shelf throughout the entire year with strength
varying seasonally with the trade wind speed and direction (Geyer et al., 1996). Wright
and Nittrouer (1995) state “Once resuspended, the transport of sediments is facilitated by
net mean flows, the most important of which is the North Brazil Current that carries
sediment far to the northwest.”. Sternberg et al. (1996) found tidal currents are strong
enough to suspend sediment 91% of the time, indicating suspended sediment is almost
always available for transport by the mean flows. It may be possible to predict the
location of long-term sediment deposits off the Amazon River using the strength of the
North Brazil Current as a proxy for the distance northward sediment is transported before
it has settled and other processes take over, such as trapping at salinity fronts and the
formation of fluid muds.
Here, the large-scale forces on sediment transport are combined into one
approach, “characteristic forcing”, which presumes long-term sediment transport is
driven by the most dominant forcing, whether it be episodic events or strong mean flows.
Sediment accumulation patterns for some systems, such as the Eel, are well represented
by lower-frequency, higher-magnitude events, while others, like the Amazon, are better
represented by “normal”, or high frequency conditions. Because they have a more
continuous sediment supply, long-term accumulation off of big rivers may be less
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influenced by short-term large events, while small episodic river systems may be
completely event driven. The idea that long-term depositional patterns can be predicted
using a characteristic forcing approach has been strengthened through the analysis of past
observational data and modeling results, although work remains to further test the
validity of this method. Numerically modeling sediment deposits from a large river is the
logical next step and should be the focus of further research to advance the hypothesis
that long-term sediment depositional patterns can be modeled using extremely simplified
forcing.

3.3.7 Spatial Structure in the Wind Field
As briefly touched on in previous sections, the spatial structure in both Bora and
Sirocco wind regimes is very important for overall basin circulation and sediment
transport. Another idealized study of sediment transport within the Adriatic Sea was
conducted by Wang and Pinardi (2002), who predicted different relative magnitudes of
sediment dispersal under Bora and Sirocco conditions than this study by assuming steady
and uniform winds and waves. Winds were modeled as a surface stress of 0.1 Pa, Bora
and Sirocco waves had heights and periods of 1 m and 5 s, and 0.5 m and 10 s,
respectively. The average wind induced surface stress, for the northern Adriatic, in this
study is less than that used by Wang and Pinardi (2002). Sediment properties used in both
studies, ws and critical shear stress, are similar and not believed to have generated the
difference in results highlighted below.
Wang and Pinardi (2002) found maximum southward transport of sediment from
the Po River to be four times higher under Bora wind and wave conditions than Sirocco
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conditions, and maximum transport through their northern boundary under Sirocco
conditions to be twice as high as during Boras. This study conflicts with their findings,
showing an order of magnitude more sediment through the northern boundary under Bora
than Sirocco conditions (Table 5). There is also conflict in that for Po River sediment,
this study predicts maximum southward transport under Sirocco conditions, about 170%
the Bora transport.
Spatial structure in the Bora wind fields, which is lacking in the Wang and
Pinardi (2002) process studies, greatly enhances the already present tendency for an
anticyclonic gyre to form in the northern Adriatic (Orlic et al., 1994; Pullen et al., 2003).
The enhanced gyre then transports much more sediment within it to the Po delta through
the northern boundary than was previously thought by overlooking the wind’s spatial
structure (Fig. 19). The west to east strengthening of the Sirocco winds, neglected by
Wang and Pinadri (2002) generates a wind stress curl, which, along with the barotropic
pressure gradients, creates a strong and coherent current along the western coast
promoting increased southward transport (Fig. 19).

3.3.8 Timing o f Floods and Wind Events
Numerical experiments were used to determine the effect that different wind and
current conditions have on the emplacement of Po River flood deposits. Two times from
the simulation run, which is presented in chapter four, were chosen to initialize the water
column properties, salinity, temperature, u velocity, v velocity, and sea surface height, for
the flood timing runs. These times, 15:00 16 November, 2002 and 18:00 1 October, 2002
coincided with times of strong and weak current flow, respectively (Fig. 40). For each
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initialization condition runs were conducted using no winds, and the same Bora and
Sirocco winds, waves, and meteorology as the unsteady runs. This results in a total of 6
cases. River discharge was consistent throughout each model run. Model runs started
with the maximum 2002 Po River flood discharge, 7960 m3 s'1 on 30 November, 2002,
then followed the 2002 measured daily discharge (see section 2.3.4).
The initial hydrodynamic state of the water column influences the short term,
about two days or less, flood layer deposition under Sirocco and no wind conditions (Fig.
41). If currents off the delta are initially strong, flood deposits follow the direction of
current flow. In this case the WACG turns the deposit towards the south (Figs. 40 and
41). Strong initial currents also lead to more dispersal in the across shelf direction,
because the coastal current does not hug the shore here, but rather swings wide around
the subareal delta and at times starts upwards of 15 km from shore. The Bora deposit
does not appear to be sensitive to the initial state of the water column. After a longer
period of time, more than about two days, the meteorologic conditions forcing the waves
and currents are the main force behind the location of sediment deposition (Fig. 42).
The duration of floods on the Po River, typically a few weeks, are much longer
than the adjustment time of about two days. The initial hydrodynamic state off the Po
delta, therefore, does not play a major role in the depositional location of the flood
deposits, or in the propagation of the Po delta. An examination of ideal Bora and Sirocco
cases reinforces that the water column reacts to storm winds within a few days. It is not
the original state of the currents off the delta, but the dominant winds during the flood
itself that dictates the final depositional location of flood deposits. On the other hand, if
flooding occurs during a quiescent period, the interaction of the initial current, buoyancy
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forcing from the freshwater plume, and Coriolis, will all interact to influence the
depositional location and spread the deposit to the south.

3.3.9 Predictions of the Initial Hydrodynamic Influence
This section examines if it is possible to predict how strong of an influence the
initial hydrodynamic state of a basin receiving sediment has on the location of sediment
deposition based solely on the basin geometry and flood duration. By coupling three
parameters; flood duration, basin size, and basin shape, it may be possible to predict if
flood layer emplacement will be influenced by the original current conditions, or by
passing weather patterns. The prediction of whether episodic events, or other more
average conditions, dictate where most of the sediment discharged accumulates can aid in
the choice of the characteristic forcing for a river system.
The Po River is an intermediate river in size. Its large and episodic floods create
the sediment record off of the delta, similar to small rivers such as the Eel. But, the Po
River floods last for longer periods of time, similar to a much larger river, such as the
Amazon. Another important factor to note for the interpretation of the flood timing runs
is that the Po River discharges into a relatively small and enclosed basin. Evaluation of
the flood timing runs from section 3.3.8 was used to generate two predictions; 1) short
episodic floods are more likely to be affected by the antecedent currents because the
water column may not have time to react to wind forcing during a flood pulse. This is
complicated, however, because episodic floods generally coincide with strong storm
events, which typically drive strong wind driven currents off the river mouths and reduce
the influence of the initial hydrodynamics, as is seen in the Eel River system (i.e. Harris
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et al., 2005). 2) Smaller enclosed basins should show the opposite trend. Currents will
equilibrate with the wind conditions much more quickly than in larger basins, thereby
reducing the influence of the initial hydrodynamic state of the water column on the flood
deposit.
Literature on many previously studied rivers was examined in an attempt to
evaluate how the above ideas relating basin size and shape, and flood duration, to
sediment deposition apply to other systems. Fifteen rivers were classified based on the
size and shape of the basin into which they discharge, and the duration of floods (Table
7). Classification was based on three levels;
Basin Size - Large, Moderate, Small
Basin Shape - Open, Semienclosed, Enclosed
Flood Length - Long, Moderate, Short.
Rivers were then plotted on a ternary diagram with “Large”, “Open”, and “Long”
representing the apexes of the triangle (Fig. 43). To plot these river system characteristics
on a ternary diagram the apexes of the diagram were given a value of 1. “Moderate”,
“Semienclosed”, and “Moderate”, were given values of 0.5, and the remaining given
values of 0.0. The three system characteristics were then normalized so each had a value
between zero and one. The sum of these normalized values equals one, allowing them to
be plotted on a traditional ternary diagram based on the relative sizes of each. It was
found that the rivers where the initial hydrodynamics strongly influence flood deposition
all grouped in the center of the diagram (Fig. 43). Rivers for which the initial conditions
do not influence deposition fall along the outside of the diagram (Fig. 43)
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Previous literature supports the idea that the relative influence of the
hydrodynamic state of a discharge basin on a river’s flood deposit can be predicted by
looking at certain basin characteristics with respect to flood duration. Rivers with
relatively equal basin characteristics and flood duration, such as a large open basin with a
long flood, such as the Amazon River, will experience a strong initial influence on the
flood deposit (Wright and Nittrouer, 1995). Those with relatively larger characteristics,
such as a small enclosed basin with a moderate length flood, Po River, will be more
influenced by passing weather patterns than the initial hydrodynamic state of the
discharge basin.
Observational data supports predictions made based on results from a single
numerical modeling study, with an exception. Small or enclosed basins are shown to have
a greater tendency to be influenced more by passing weather patterns than the initial
hydrodynamic conditions, as with the original predictions. However, it is the relative
sizes of the three analyzed characteristics that appear to be important, not the absolute
sizes. Consider the Eel as an example of a system that has a short flood and discharges
into a large open basin. Here the original prediction is a flood deposit dictated by the
initial water column properties, but this is not the case. The very short flood, emptying
into a large and open basin, moves the Eel to the edge of the ternary diagram; and
changes the flood deposit forcing to passing weather patterns (Fig. 43). This makes sense
in that most rivers with the basin geometry and flood duration as the Eel are small
mountainous rivers where floods reach the discharge basin while the passing storm is still
driving energetic oceanic conditions, and thus flood deposit emplacement. I conclude that
when all three characteristics are relatively consistent; basin size, shape, and flood
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duration, the flood deposit will be dictated by the initial water column currents,
otherwise, external forcing, such as storm wind induced currents and waves, will
dominate flood layer emplacement.

3.4 Conclusions
Under the steady winds examined in detail here, Sirocco’s are more efficient at
the removal of Po River sediment from the northern Adriatic and Po delta. Although, due
to the duration of wind events (section 2.5), spin-up time of physical oceanographic
conditions, about 2.5 and 5 days for Bora and Sirocco, respectively, and the frequency of
events (section 2.5), it is believed Bora winds may be more influential under real (time
variant) conditions. A stronger Bora influence on sediment export from the Po delta is
shown in the time-varying idealized runs because the relaxation of strong Bora winds
significantly increases the development of a coherent WACC, producing larger sediment
flux estimates than under the unsteady Sirocco conditions.
The basin circulation generated by differing wind spatial structures and wind
stress curls is shown to produce distinct sediment transport pathways and deposits. Bora
winds transport more sediment eastward from the delta, while Siroccos facilitate the
export of more sediment to the south. The spatial structure inherent in the two dominant
wind regimes, Bora and Sirocco, is very important in driving the Po delta near-field
sediment dynamics and may significantly influence delta progradation rates.
Greatest sediment deposition occurs directly off of the river mouths, with the
remaining depositional footprint dictated by wind driven currents and bed shear stress
patterns. Bora deposits show an eastward extension from the delta, with southward
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extension mainly in the time-varying case. The Sirocco deposit is spread towards the
south along the western coast with very little deposition to the north or east of the delta.
The model predicts a morphodynamic feedback between the surface sediment size
and bed shear stress. Initial fine sediment deposition reduces bed shear stress through a
reduction in the bed roughness, promoting the further deposition of fine sediments. Also,
although less pronounced, erosional regions may have higher bed shear stresses due to
the winnowing of the finer sediments and an increase in the surface roughness.
Visually, Bora fluvial deposits and bed sediment depositional regions better
match both the observed long- and short-term deposits than the Sirocco’s. The footprint
produced under Bora conditions resembles that of the 210Pb accumulation data, which
represents about the 100 year timescale. Also, the eastward extension of the predicted
deposit is manifested in the observed fining of the surface sediment eastward across the
northern Adriatic and the depocenter off the Reno river is better reproduced under Bora
conditions.
The idea of characteristic events has been used to simplify and model
stratigraphic development over very long timescales, 1000’s of years (Swenson, 2005;
Swenson et al., 2005). Because the dominant forcing in some systems is better
represented by high frequency, low magnitude, conditions, this study puts forth the
broadening of the term into “characteristic forcing”. Here, the dominant large-scale
forcing, whether episodic or constant, is assumed the necessary forcing when modeling
longer timeframes. Bora winds may be considered a characteristic forcing for the
development of the Po River delta. Flooding of the Po River and Bora winds may be the
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two dominant controls on long-term, 100 year timescale, delta shape and progradation
rates.
Further research on the impacts of Bora and Sirocco winds on sediment dynamics
in the northern Adriatic Sea should focus on the use of multiple Bora and Sirocco events
to help evaluate how sensitive the results are to the chosen event.

Chapter IV

The Dominant Influences on Sediment Transport and Depositional Patterns off of the Po
River, Italy
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Chapter 4
This chapter presents an attempt to simulate realistic conditions off of the Po
River delta. By understanding the simulation model runs, it should be possible to better
predict how future climatic conditions may impact the Po delta, and characterize past
conditions based on interpretations made from sedimentary deposits. In addition to the
baseline simulation, model runs with different initial sediment beds, fractionation of Po
River aggregated and disaggregated sediments, and Po River rating curves are covered.
Because the modeled time-frame overlaps EUROSTRATAFORM field experiments,
comparison to observational data is possible. I compare modeled water column
concentrations and fluxes to tripod observations, and predicted to observed depositional
signals.

4.1 Simulation of 2002-2003
This chapter focuses on “simulation” runs. Simulation runs use realistic
temporally and spatially varying meteorological, wave, and river discharge as inputs.
Specifically, this study models 20 September, 2002 through March, 2003, with inputs as
described in section 2.3.4. Of the multiple runs conducted, one was chosen as
representative and is referred to as the “adjusted sediment bed” run. Specifics to this run
are presented here and in the results, section 4.2. Other model runs are described when
presented in the discussion, section 4.3.
The adjusted sediment bed run differs from that described in section 2.3.4 by the
method of sediment bed initialization. Originally, the simulation was conducted using a
uniform sediment bed. Sediment classes 1-4 (table 2) each represented *4 of the initial
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bed at every location within the Adriatic Sea. A second run was initialized using the
spatial distribution of sediment classes found at the end of the uniform simulation. This
process was repeated and the final bed from this 2nd iteration used as the initial bed for
the run described in the results section of this chapter (Fig. 44). The starting uniform
initial bed will subsequently be referred to as the uniform sediment bed run (USB). The
first iteration on that bed is called the first iteration bed run (1IB), and the second
iteration the adjusted sediment bed (ASB). It is noted the ASB is not in full equilibrium
with the Adriatic’s hydrodynamic conditions as modeled, but of the runs conducted, it is
the best adjusted.

4.2 Results
Results from the ASB run are reported with fluvial and bed derived sediment
presented separately. Other variations on the simulation run are compared in section 4.3
to evaluate how different processes affect sediment dynamics in this area.

4.2.1 Hydrodynamics
The currents for all of the simulation runs were nearly identical to those shown in
figure 45, because the simulation runs differ only by sediment initialization. Time- and
depth-averaged currents in the northern Adriatic show some interesting features, such as
a low velocity zone just south of the delta (Fig. 45). There are also areas of higher
velocity directly east of the delta and along the shore to the south, representing the
northern reaches of the WACC. A counterclockwise gyre is very evident to the east. As
seen in the idealized runs, the energetic winds influence these currents.
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There are many distinct wind events during the modeled timeframe. The average
wind index for Bora events, as chosen based on section 2.5, were plotted against the
event- and depth-averaged currents along the southern boundary of the study region to
highlight the positive correlation between the strength of the Bora and Sirocco winds and
the depth-averaged currents to the south of the delta region (Fig. 46). Events that neither
follow Siroccos, nor occur during prolonged periods of Bora activity are classified as
isolated events. These are believed to represent the “normal” Bora conditions. A good
correlation exists, r2 = 0.78, between the average event wind index and the depthaveraged currents along the southern boundary; the wind driven currents increase with
the strength of the Bora winds.
Bora and Sirocco winds both influence the wave climate off of the Po delta (Fig.
47). A cross-correlation conducted on the Bora and Sirocco wind indices and mean wave
heights at three locations off the Po delta showed Bora winds have a larger influence on
the wave heights (Table 8, Fig. 12). Many more Bora than Sirocco events occur during
the modeled timeframe, thus Bora winds account for a larger amount of variance in the
complete wave time-series. Including Sirocco winds increases the amount of variance
accounted for by the wind indicies. Also, Sirocco winds caused one of the largest wave
events, which occurred in the middle of November, 2002.

4.2.2 Fluvial Sediment Dispersal
Three dominant physical processes affect the export of fluvial sediment from the
Po delta region: waves, currents, and fluvial supply. Early in the model run, before the
flood, there is very little fluvial sediment present in the system, however, the periods of
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significant sediment flux coincide with the ending of wave events (Figs. 48 and 49). High
near-bed suspended sediment concentrations cause fluxes to generally be largest within
5-10 meters of the bed (Figs. 50-51). At the eastern boundary, however, fast surface
currents lead to the highest flux at the surface. During the flood, except for the eastern
boundary, flux is highest near the surface due to the overall high suspended sediment
concentrations and fast near-surface currents (Fig. 50-52). It is believed the eastern
boundary shows less surface plume transport because it is the farthest from the river
mouths and the sediment has longer to settle from the river plume. After the flood, the
highest flux occurs 2-5 meters above the bed (Figs. 50-52). Export during this time is
controlled by the waves resuspending sediment and the depth-averaged and bottom
currents (Figs. 48 and 49).
Sediment export is dominated by transport out of the southern boundary. The
disaggregated fraction accounted for only 10% of the discharge, but makes up 84% of the
export (Table 9). Of the total 16.2xl08 kg exported, 11x10s kg (72%) is transported
across the southern boundary. Much of the sediment discharged by the Po River settles to
the bed directly off the river mouths. At the end of the simulation, 93% and 95% of the
discharged sediment lies within 25 and 50 km of the river mouths, respectively. Most
(96%) of the sediment deposit is located to the south of the Pila mouth, indicating
sediment initially settles to the south of the delta (Fig. 53).
Aggregated and disaggregated fluvial sediment depositional patterns share two
characteristics. Both show deposition to the south and east of the delta, and a decrease in
thickness away from the river mouths (Fig. 54). The disaggregated fraction is much more
widely dispersed than the aggregated, and covers the entire northern Adriatic. It is
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thickest off the river mouths, and found under the gyre produced during Bora conditions
(Figs. 45 and 54). The aggregated size fraction is strongly influenced by its initial settling
near the river mouths. Most, 99%, lies within 50 km of the river mouths. Its deposit is
located to the south of the Pila mouth with a thin tongue curving to the east under the
Bora induced gyre (Fig. 54). The thickest deposits for both fractions are directly off of
the Pila mouth, where 2.7 and 227.7 cm thick deposits of the disaggregated and
aggregated fractions are found, respectively, in ~9 m water depth. This depositional
thickness, about 230 cm, is about 46 times the maximum observed (-5 cm, Fig. 8), and is
believed to be too high. Removing the unreasonably large values in grid cells directly
adjacent to the Pila mouth leaves thicknesses of ~1 and -32 cm for the disaggregated and
aggregated fractions, respectively.
The Po River flood deposit is at its largest until about 15 January, 2003 when
large winds create waves energetic enough to rework the deposit. The initial deposit, that
of 15 January, 2003, shows a maximum thickness just inside the 20 m isobath, and thins
offshore (Fig. 55B). Tongues of sediment extend to the south away from the delta and
curve to the east. Very little sediment was deposited directly north of the delta. The
highest depositional thicknesses were directly off the Po River mouths, with the Pila
deposit being the thickest, about 33 cm. The tongue of deposition located directly south
of the delta has a maximum thickness of about 1 cm and is found under a region of
reduced near-bed current speeds in around 30 meters water depth. In water depths
between 20 and 40 meters the temporally and spatially averaged wave and current
2
combined bed shear stress is 0.15 n m*,
which is significantly lower than the 0.45 n m"2
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seen between 3 and 20 meters and much nearer the critical shear stress of the sediments
(Table 2).
After about 1.5 months of reworking, the overall shape of the flood deposit shows
little change (Figs. 53 and 55). The maximum thickness of the deposit is in the same
location and not noticeably reduced. As reworking of the flood deposit progresses,
however, some sediment is removed from the deposit and transported into the northern
Adriatic. Southward flux also stretches the deposit towards the south.

4.2.3 Bed Sediment Redistribution
This section focuses on the transport and deposition of sediment initially present
on the bed. Suspended sediment concentrations and fluxes of bed material is almost
always at least an order of magnitude greater than the fluvial sediment. Except for in a
few explicitly stated places, fluvial sediment is not discussed in this section.
Suspended sediment concentrations are generally highest within a few meters of
the bed, and decrease towards the surface (Fig. 56). At the WHOI12 tripod location
shown in figure 6, during the adjusted sediment bed run, model estimates of surface and
near-bed suspended sediment concentrations reach 0.8 g L 1 and 1 g L"1, respectively.
These surface concentrations exceed observations made near this location where
concentrations reached only a few mg L'1 (Mikkelsen et al., In Press). This study predicts,
even though surface concentrations occasionally reach high values, most of the time
sediment is not mixed into the surface layers where faster surface currents can influence
it. The modeled vertical flux profiles show that, as expected from a system dominated by
near-bed sediment transport; flux is highest near the bed, and decreases sharply within a
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few meters of the bed (Fig. 56). Bed sediment export rates are forced by the bottom and
depth-averaged currents, and the waves (Figs. 57 and 58).
Depositional patterns of bed sediment are similar to those predicted for the fluvial
sediment (Fig. 59). Net depositional areas tend to be areas under the gyres where there is
a slowing or convergence of currents, and where the event averaged bed shear stresses
are reduced (Figs. 45 and 60). Areas of reduced bed shear stress tend to coincide with
locations sheltered from the strongest waves, because about 90% of the bed shear stress is
wave induced. Net erosional areas are located shoreward of the 20 m isobath and under
the gyre where currents do not converge and the shear stresses are higher (far north
Adriatic). The wave and current combined bed shear stress shows a bathymetric influence
on wave induced shear stresses. Whereby wave shear stress increases as the water
shallows. Near-shore erosion, therefore, represents an adjustment of the initial sediment
bed toward equilibrium with high near-shore wave-induced bed shear stresses (Fig. 61).
Only the two finest size classes undergo significant transport. The finest size
fraction dominates the deposit to the east of the delta (Fig. 62). The second size fraction
is deposited south of the delta where the near-bed currents and shear stresses are slightly
higher, but currents converge. This deposit is mixed with material from the Po River that
has the same hydrodynamic properties. Both size fractions are nearly removed from the
high wind/wave band to the south of the delta, and the erosional area under the northern
half of the gyre. With the largest two size classes representing only 1% of the sediment
transport, there was almost no redistribution of them (Fig. 62, Table 9).

4.2.4 Controls on Net Export: Bed and Fluvial
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Time and depth-averaged currents dictate the direction of net sediment export, or
import, through each boundary (Compare Fig. 45 with Table 9). Sediment is transported
within the northern gyre in a counter-clockwise motion around the northern Adriatic
causing net sediment import to the delta region through the northern boundary, and
export across the eastern boundary. The highest flux term is, however, export through the
southern boundary caused by southward currents.
The type of wind conditions influences sediment export from the Po delta, with
Bora events exporting the most sediment. As both Bora and Sirocco wind regimes
increase the currents and the waves, they both increase sediment transport and export
from the Po delta (Fig. 63). Almost three times as much sediment is exported from the
delta region during Bora than Sirocco events, however, and calm conditions account for
significant fractions of the net export (table 10). Export during calm conditions is
representative of a predicted maximum amount of export under lower wind conditions. In
the waning portions of wind events, when winds fall below the threshold set in section
2.5, the flux is included in the flux under “calm” conditions.

4.3 Discussion
The influence of the Po River plume and water column hydrodynamics on export
from the Po delta region are presented. The initial sediment bed is investigated to
determine its impacts on sediment flux and suspended sediment concentrations. Also,
model runs with varying aggregated and disaggregated size fractions discharged from the
Po River are examined in detail to try to determine the degree that grain size and
disaggregation processes may influence export rates. A comparison of model results to
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water column and depositional observations is made. Finally, the accuracy of the Po
River rating curve is briefly evaluated through a comparison with the observed 2002
flood deposit.

4.3.1 Wind Influence on Currents in the Po Delta Region
There is a correlation between an increase in the strength of currents leaving the
study region and the average event wind speed and frequency of occurrence (Fig. 46).
Although there are few data points, figure 46 may show three different types of Boras.
First are those representing normal Bora conditions, where an increase in the strength of
the winds causes an increase in the current speeds. The other groups have faster currents
than might be expected based on the winds’ strength. One of these groups occurs during a
period of frequent Bora activity (Bora Period, Fig. 46). During this time only 2 events
meet the 13 m s'1threshold, but conditions remain very Bora influenced, so that the sea
surface height and currents remain representative of Bora conditions. When an event
occurs, its influence on the coastal current is larger than under normal circumstances.
Sirocco influenced events are those Boras that closely follow Sirocco winds. In these
cases the Sirocco winds have increased sea surface elevation in the northern Adriatic. The
Bora winds then allow this elevation field to relax, and the north to south pressure
gradient generates currents that are faster than expected under normal Bora events.

4.3.2 Hydrodynamic Controls on Sediment Transport and Export Rates
After the flood, when significant export occurs, sediment transport within the Po
River buoyant plume is minimal, with most transport occurring in the bottom boundary

64
layer. Even though surface currents are high, about 10 cm s'1, there is very little sediment
flux near the surface (Figs. 50-52). Instead of transport as a buoyant suspension, the
majority of fluvial export is sediment that has already settled to the seabed, or bottom
boundary layer, and is then resuspended by waves and transported by near-bed currents.
While the currents here are lower, about 3-5 cm s'1, sediment concentrations are high, so
the bottom boundary layer dominates export.
Both currents and waves influence sediment export from the Po delta region.
Significant export events coincide with periods of strong currents and large waves, but
not simply one or the other (Figs. 49 and 58). Waves are needed to resuspend the
sediment. The currents then diffuse the sediment out of the wave boundary layer and
transport it. Both must be present to produce significant export. This is consistent with
findings on the Northern California mid-shelf, where the average sediment flux during
the largest storm in the 1990-1991 winter was found to be less than the overall average
because the currents slowed and reversed directions (Harris and Wiberg, 1997).
Large wind events are the dominant control on sediment export. Figure 63 shows
that most export occurs in relatively short episodes, which occur during energetic wind
events. Bora winds increase both the significant wave height in the study area (Fig. 47,
Table 8), and the currents speeds near the Po delta (Fig. 46), leading to higher sediment
flux and a positive correlation between wind speed and export rates (Table 11). Higher
export rates reduces the amount of sediment available to nourish the delta and therefore
slows or reverses progradation rates. The frequency and magnitude of wind events is
therefore likely to have a large influence on the rate of the Po River delta advance or
retreat.
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4.3.3 Hydrodynamic Controls on Sediment Depositional Patterns
The Po River plume deposits most of its sediment on the subaqueous delta.
Because 90% of the discharged sediment is aggregated material, sediment settles to the
seabed before ambient currents transport it very far. The maximum depth within the study
region is 33 m, a distance an aggregated particle can settle in about 0.4 days. With a timedepth-spatially-averaged current speed in the delta region of about 0.03 m s'1, an
aggregated sediment particle can travel ~1 km in the time it takes to settle to the seabed at
the deepest location. The minimum distance from the Pila mouth to the edge of the region
of study is about 10 km, or about 10 times the distance a particle can initially travel.
Consistent with conclusions by Wheatcroft et al. (2006), the majority of the Po River
flood deposit is estimated to be produced via initial settling from the river plume in the
Po delta region. The importance of initial settling on the delta deposit is apparent in the
cumulative sediment export as well. Even though the discharged sediment is primarily
aggregated, the disaggregated, more easily transportable, component represents most of
the export (Table 9).
As also found by Kourafalou (2004) in the Aegean Sea, the model predicts most
of the discharged sediment, greater than 90%, to be deposited within 50 km, and more
than 30% within about 10 km, of the river mouths. More sediment is added at the river
mouths than can be removed with the specified forcing. The relatively unenergetic
conditions in the northern Adriatic combined with high settling velocity leads to low rates
of sediment dispersal away from the river mouth and high rates of near-field
sedimentation.
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Even with high initial sedimentation, sediment dispersal within the delta region
does occur. Currents, waves, and high discharge point sources all influence the Po River
flood deposit (Fig. 55). Except for in the immediate vicinity of a river mouth, waves
during the flood, which average about one meter, reduce near-shore (<10 m) deposition
and keep some sediment in suspension where it can be transported by the currents (Figs.
55 and 64). Sediment is transported southward and in a counterclockwise motion around
the northern Adriatic, with bed shear stress patterns during events helping to ultimately
give the flood deposit its overall shape (Figs. 55 and 60).
Bed sediment depositional patterns are also influenced by the patterns present in
the energetic waves and currents (compare Figs. 59 and 65 with 45, 60 and 61). Because
the initial bed has not fully equilibrated with the hydrodynamics of the Adriatic Sea, large
erosional regions inside the 20 m isobath are produced in areas that experience energetic
wave activity. Specifically, these regions are the northern shoreline and the western coast
between Ravenna and Ancona (Figs. 59, 60 and 61). Erosion along the northern shoreline
shows a strong influence of Bora wind events. Erosion is broken into more western and
eastern regions, similar to the Bora induced wave shear stress (Figs. 59 and 60). Erosion
immediately to the north and east of the delta is caused by the currents that sweep
through and remove the two most easily erodible size classes, which are resuspended by
waves during Bora and Sirocco conditions. This winnows the bed leaving the least
erodible size classes (Figs. 45 and 60).
Two depocenters are produced, one directly to the south and another to the
southeast of the delta. Deposition initially occurs directly to the south of the delta because
it is an area of reduced current speeds (Fig. 45). Here, currents arc around the delta
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generating slower currents on the inside of the turn so that sediment accumulates. After
the surface active layer becomes composed primarily of the second size class, the
morphodynamic feedback between the surface grain size and bed shear stress helps to
limit the bed shear stress during events (Figs. 60 and 62). Smaller bed shear stresses lead
to the deposition of more sediment south of the delta. Converging and slowing currents
on the southeast side of the gyre, along with the morphodynamic feedback, also produce
a thin depositional area curving towards the north. The dynamic feedback between the
surface grain size, roughness, and bed shear stress is covered in more detail in section
3.3.4.
The model neglects consolidation that acts to bind the sediment together, and does
not account for the easily erodible nature of sediments immediately after initial
deposition. No matter how long the sediment is deposited it always has the same critical
shear stress (Table 2). This may be one of the reasons the model calculates unreasonably
high suspended sediment concentrations in the water column. Without the inclusion of a
bed consolidation term, the sediment can undergo much higher reworking than was
actually observed, although, as discussed later, suspended sediment stratification may
also play a role. The model may be representative of conditions near the end of a large
flood, when the sediment has not had time to consolidate, but will over predict later
resuspension.

4.3.4 Initial Sediment Bed
Bed armoring produced by the sediment transport algorithms in ROMS
significantly reduces the suspended sediment concentration and erosional thickness
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estimates for the adjusted sediment bed compared to those for the uniform sediment bed
(Figs 59 and 65). Bed armoring within ROMS is based on the principle of a surface
active layer (Harris and Wiberg, 1997; Reed et al., 1999). The theory is that only
sediment present within a thin surface active layer can be reworked and suspended, while
that below the active layer is unavailable for suspension. Sediment characteristics and
bed shear-stress dictate the thickness of this layer, which is on the order of millimeters.
More mobile sediments, those with lower critical shear-stress, and higher bed shear-stress
leads to thicker active layers and more sediment available for suspension and transport.
Larger sediment classes have larger critical shear stresses, thus limiting the thickness of
the surface active layer and the amount of available easily suspendable sediment over the
coarser sediment beds. In some places larger grains compose 100% of the surface
sediment, greatly limiting the amount of sediment available for resuspension there.
Estimates of suspended sediment concentration and depositional and erosional
thicknesses in the northern Adriatic are improved over earlier model runs by including
multiple grain sizes and allowing the bed to partially adjust to the hydrodynamics. Early
model versions lacked multiple grain sizes. In these model runs bed deposition and
erosion thicknesses of a meter or more were produced (not shown). Multiple grain sizes
and an initial sediment bed based on grain size data from the Adriatic may improve that
estimate, with erosion and deposition thicknesses reduced to less than about 20
centimeters (Courtney Harris, pers. com. 2006). The adjusted sediment bed presented
here generates even smaller deposition and erosion thicknesses, on the order of a few
centimeters. The presence of immobile classes armors the bed and limits the amount of
the finer sediment available for suspension. This helps make up for the lack of a bed
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consolidation term, and may create suspended sediment concentrations and fluxes that
better agree with observed values.
Adjustment of the initial sediment bed to the imposed hydrodynamic conditions
improved suspended sediment concentration and flux estimates; see section 4.3.7. After
each successive iteration of the sediment bed, net fluxes were lower than the previous run
(Fig. 66). The models adjustment is seen in the reduced difference in the net flux
estimates from one initial bed to the next.

4.3.5 Varying Discharged Disaggregated and Aggregated Size Fractions
Previous analysis shows large differences between the depositional footprints
estimated for the disaggregated and aggregated sediments. Model runs were conducted to
determine the sensitivity of sediment export and deposition to the fraction of fluvial
material assumed to be disaggregated. All simulations were conducted using forcing as
described in section 2.3.4, except for varying the relative proportions of the disaggregated
and aggregated size classes discharged from the Po River. Four model runs were
performed, with discharged size fractions varying as 1) 10% disaggregated, 90%
aggregated; 2) 50% disaggregated, 50% aggregated; 3) 75% disaggregated, 25%
aggregated; and 4) 100% disaggregated.
The ratio of disaggregated to aggregated sediment discharged greatly influences
the amount of fluvial sediment removed from the delta region (Table 12). As the ratio of
disaggregated to aggregated sediment increases, the net sediment export from the delta
increases. Also, the proportion of the net export accounted for by the eastern boundary
increases. The 100% disaggregated simulation was the most dispersed, with two-thirds of
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the discharged sediment transported farther than 50 km from the Po River mouths (Table
13, Fig. 67), and two-thirds exported through the eastern boundary.
A non-linear increase in sediment export occurs with increased input of
disaggregated sediment (Fig. 68, Table 12). For example, export of the disaggregated
fraction during the 50% disaggregated run is not simply five times the 10% disaggregated
run. Large export events occur at the same time in each of the simulations, but export
rates are higher for the more disaggregated runs. At higher fractions of disaggregated
sediment, the eastern boundary begins to dominate export because more sediment is
caught within the northern gyre (Table 12).
The nonlinear increase in sediment export as the disaggregated fraction increases
is facilitated by the model’s morphodynamic feedback between grainsize, roughness, and
bed shear stress. The disaggregated class is easily dispersed, leading to less near-field
accumulation as its discharge increases. Less accumulation of the aggregated size class
also occurs, because its fraction was reduced. The reduced accumulation of finer material
leads to a greater proportion of the larger two bed sediment size classes on the bed’s
surface, and an overall larger surface grain size (Fig. 70). The larger grain size increases
the surface roughness, which increases the bed shear stress directly off of the Po River
(Figs. 71 and 72). This produces a feedback loop in which the finer sediments do not
accumulate because they were initially dispersed and did not cover the larger bed
sediment. Although faint, it is possible to see the increase in bed shear stress between the
10% disaggregated and 100% disaggregated runs directly southeast of the Pila mouth.
Depositional locations of the 10%, 50%, and 75% disaggregated runs are
generally the same and are dominated by the aggregated fraction, although, they thin as
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the fraction of disaggregated material increases (Fig. 69). The completely disaggregated
run does not resemble the others. Its highly transportable sediment is dispersed
throughout the entire northern Adriatic and along the western coast.
By greatly influencing sediment export, the proportion of aggregated material
discharged by the Po River influences the rates of delta advance or retreat. Under
medium flow conditions most of the sediment discharged by the Po River is already
packaged as floes (Fox et al., 2004a). If physical conditions within the river itself change
and reduce the fraction of sediment discharged as floes less sediment will be retained on
the subaqueous delta and progradation may slow or stop. Also, if the physical conditions
off the delta become more energetic Mikkelsen et al. (2006) predict more floes will be
broken up into the finer, more easily dispersed, components. Such an increase in the
strength of the hydrodynamics around the Po delta may significantly increase sediment
dispersal and reduce progradation rates.

4.3.6 Comparison of Estimated Flood Deposition to Seabed Data
Visually, the modeled and observed flood layer deposits are very similar to one
another. Like the model results, the 7Be data collected for the floods of 2000 and 2002
show depocenters off of each Po River mouth and a thin tongue of sediment extending to
the south (compare Figs. 8 and 55). Although the model simulates the depositional
pattern of the 2002 flood layer well, it overpredicts the thickness, extent, and total mass
of the deposit. While the observed maximum thickness and total preserved sediment mass
are on the order of 5 cm and 1.76 million tonnes, the model predicts values of 230 cm and
13.8 million tonnes, respectively. Two approaches were used to reduce the total thickness
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and mass of the predicted deposit. First, unreasonably high deposition was found in grid
cells directly adjacent to the Pila mouth. These were removed from the calculation of the
predicted deposit mass. Second, the fraction of disaggregated material discharged by the
Po River was increased. However, neither method, individually or combined, produced
deposit thicknesses or masses that matched field observations (Fig. 69, Table 14).
A third attempt to more accurately model the flood deposit assumed that
HYDROTREND overestimates the Po River sediment discharge (Kettner and Syvitski, in
press). Simulations using lower rating curves better agreed with the observed 2002 flood
deposit (Fig. 73, Table 15). On its own the Po River rating curve had to be lowered by a
factor of 8 to match the observed flood deposit. This is equivalent to having 87% of the
supplied sediment captured in the subareal delta. This seems too drastic, however, as
evidence points to HYDROTREND being within a factor of three (Kettner and Syvitski,
in press).
Other factors than the rating curve may contribute to the discrepancy between the
model predictions and the observational data. Two lines of evidence are presented that
show the total mass of the deposit as observed by Palinkas et al. (2005) may be too low.
First, Fox et al. (2004a) found deposition as shallow as 4 m water depth. The 7Be data,
however, was collected seaward of the 10 m isobath, and does not account for sediment
deposited near-shore. Inclusion of the sediment deposited shoreward of the 10 m isobath
would raise the mass of the observed deposit closer to model predictions. Second, the
model accounts for sediment thicknesses below observationally detectable levels. That is,
deposit thicknesses of less than about 5 mm are included in the model and used to
calculate the total mass of the deposit. Such thin deposits are, however, not detectable by
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the observational techniques used. As an example, a deposit of only 1 mm spread over
the study region adds 1.1 million tonnes of sediment, equivalent to 60 % of the observed
deposits.
Modeled flood deposits analyzed using the limitations of the observational data,
water depth and measurable thickness constraints, produce deposits that better agree with
those observed. Flood deposit masses and footprints that neglected the sediment near
shore of the 10 m isobath and in deposits less than 5 mm thick were calculated (Table
16). After the removal of the sediment unaccounted for in the observational data, a run
using a halved rating curve and 50% disaggregated material appears to better reproduce
the observed deposit (Table 16, Fig. 74). This study predicts 36% of the discharged
sediment is retained near-shore of the 10 m isobath, and 27% is contained in the
observable 2002 flood deposit. The rest, 37%, is exported from the delta or contained in
deposits less than about 5 mm thick.
A fraction of the discharged aggregated sediment, here modeled as floes, likely
disaggregates into its smaller, more easily suspendable and transportable, components
upon reaching the turbulent nearbed waters. This is consistent with observation by
Mikkelsen et al. (2006), and would enhance sediment export from the Po delta. Because
the 10% disaggregated fraction was based on observational data (Fox et al., 2004b),
increasing the disaggregated fraction may be a proxy for floe breakup in the coastal
environment. The model inputs that best reproduced the observed flood deposit used a
rating curve decreased to Vi the HYDROTREND value, and a disaggregated sediment
fraction five times higher than observed. This change in the floe fraction is somewhat
equivalent to saying that more than half of the floes are broken up by nearbed turbulence.
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The modeled longer term, taken as the final deposit after the 6 months of
simulation, matches the long-term observational data (21QPb, Figs. 10 and 55) reasonably
well. The highest accumulation rates occur off each mouth due to initial settling, and the
currents skew the deposit to the south. The model lacks the distinct break in the deposits
observed offshore of the Tolle mouth, however. This may be caused by only modeling
winter conditions. Sirocco winds are more prevalent during the summer months, and are
shown to cause net erosion along the southern face of the delta (Fig. 33). Sediment may
be supplied to the southern face of the delta during the higher discharge winter months
and removed by Sirocco wind events during the summer. Or, as the flood deposits in this
area may be formed by gravity flows moving down slope (Friedrichs and Scully,
accepted; Traykovski et al., in press) the sediments deposited may not have had sufficient
time within the water column to scavenge detectable levels of 210Pb. This hypothesis is
consistent with Palinkas and Nittrouer (in press) finding many nonsteady state 210Pb
profiles in this region. A third explanation considers that the Goro mouth acts as an
overflow channel during large floods (Syvitski et al., 2005). In this case, some of the
sediment modeled as discharged from the Pila mouth during the flooding would have
actually originated from the Goro mouth. This would lead to less sediment discharge
from the Pila mouth and a possible break in accumulation rates off the Tolle mouth.

4.3.7 Comparison o f Water Column Estimates to Tripod Observations
Vertical profiles of modeled suspended sediment concentration show similar
shapes to those observed (Figs. 56, 75, and 76). Observations show the near-bed region is
very important in sediment flux during both low and high concentration events
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(Traykovski et al., in press). The model has relatively coarse vertical resolution near the
bed, however, and direct comparison with tripod observations is difficult. For example, at
14 m water depth the model grid has only two vertical layers within the bottom meter of
the water column, with the bottom grid cell 30 cm thick. The tripod used an acoustic
backscattering system with

1

cm vertical resolution to measure near-bed suspended

sediment concentrations.
During a high concentration event, using the adjusted sediment bed, the model's
maximum near-bed concentrations peak at about 0.5 g L'1, about 30 cm above the bed.
This is not nearly as high as the 40 g L' 1 observed, about 1 cm above the bed. There is
good agreement between the concentration values at about 30 cm above the bed,
however, both the modeled and observed values are about 0.5 g L'1. Agreement higher in
the water column is less encouraging. Modeled concentrations are -0.09 g L' 1 at 4 m
above the bed. Observed concentrations decrease much more rapidly, by more than two
orders of magnitude within 2 0 cm of the bed, and at 1 m above the bed are already as low
as 0.06 g L'1. Both modeled and observed profiles show the greatest flux near the bed,
and near zero flux at the surface. The main difference is the height above the bed where
flux sharply drops off. Observed fluxes decrease sharply near 0.05 m above the bed,
while predicted fluxes remain high until about 3.5 meters from the bed. Owing to the
much lower predicted concentrations very near the bed, flux magnitudes do not compare
favorably. Maximum predicted values near 0.03 g cm' 2 s'1, while the observed fluxes
reach 0.1 g cm' 2 s"1 (Figs. 75 and 76).
Under energetic conditions the model mixes sediment too high into the water
column, causing the model to over predict water column suspended sediment
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concentrations and fluxes. Suspended sediment stratification, neglected in the model,
may play a large role in the sediment dynamics off the Po delta during energetic
conditions. Near-bed concentrations should increase with the inclusion of suspended
sediment stratification, which would suppress turbulence and limit the upward diffusion
of sediment. These findings are consistent with those of Traykovski et al. (in press), who
show suspended sediment stratification is needed to accurately model near-bed
concentrations.
Accurately modeling high concentration events, and the very near-bed region, will
require resolution on the order of <10 cm, the wave boundary layer thickness (Harris et
al., 2004a; Harris et al., 2005; Traykovski et al., in press). To capture the near-bed
concentration and flux, the model needs finer resolution near the bed and possibly the
incorporation of suspended sediment stratification to limit diffusion of sediment from the
wave boundary layer. This would likewise reduce the amount of sediment suspended into
the water column during energetic events and lead to an overall better prediction
throughout the water column.
During low concentration events (DS2 in Traykovski et ah, In Press ) modeled
and observed suspended sediment concentrations are very similar (Table 16, Figs. 75 and
76). Over the entire modeled water column, flux estimates are within a factor of three of
those observed. During these times, suspended sediment stratification is not as important
as during high concentration events (Traykovski et al., in press). Again, the model does
not resolve the near-bed high concentrations.
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4.4 Summary and Conclusions
Except when the Po River is actively flooding, transport of sediment within the
buoyant plume is minimal. Sediment quickly settles to the lower water column where it is
resuspended by waves and transported by near-bed currents. Rapid settling from the
freshwater plume leads to a very large initial settling signal on flood deposits and the
greatest thicknesses directly off of the river mouths.
Fluvial sediment export from the delta is dominated by transport to the south
within 10 m of the seabed. Export is highly event driven, with the highest fluxes
occurring during energetic winds. Bora winds appear to be the driving force behind
export from the delta. While I report calm conditions as contributing 51% of the total
export, much of this was actually transport that occurred during the waning portions of
Bora wind conditions. Redefining Bora estimates to include the waning phase would
limit the apparent influence of calm conditions on net export from the delta and reinforce
the finding that Bora winds were responsible for most of the export during this
simulation. Sirocco winds also force high rates of sediment export, however, too few
events occurred during this simulation for them to export large amounts of sediment.
The relatively good comparison, in terms of depositional patterns (Figs.

8

and 55),

of the model results with the short term accumulation data suggests the model is
relatively accurately predicting short term initial settling, wave resuspension, and current
transport. Similar patterns emerge from both the observational and modeling results:
depocenters are found off the river mouths, and the deposit is skewed in a southerly
direction. Skewness towards the south is a function of three main characteristics of this
area, 1 ) the direction of net current movement, generally southward, 2 ) a low velocity
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zone to the south of the delta, and 3) three of the river mouths discharging on the
southern face of the delta. A slightly lowered wave induced bed shear stress to the south
of the delta during Bora events, presumably caused by the morphodynamic feedback
between grain size and bed shear stress, further facilitates the accumulation of fluvial
sediment in this region. The best match between the estimated and the observed 2002
flood deposits was found when the rating curve was reduced by Vi, about half the
discharged sediment was disaggregated material, and the estimated deposit was analyzed
as if it was being physically observed (Figs.

8

and 74).

Suspended sediment concentrations and fluxes are much higher for resuspended
bed sediment than the fluvial sediment. This is attributed to the much larger amount of
bed material available for resuspension and transport. Higher bed shear stresses in the
northern Adriatic, over both wind events and the entire run, resuspend sediment that is
then mixed into the overlying water column and transported into the delta region through
the northern Boundary. This sediment is then transported out the eastern and southern
boundaries, leading to the largest flux of bed sediment being through the northern
boundary.
Along with the waves and the currents, locations of erosion and deposition are
influenced by the sediment bed properties. A morphodynamic feedback exists between
the beds surface grain size, roughness, and bed shear stress. Areas with finer sediment
have lower roughnesses and smaller bed shear stresses, significantly influencing
depositional patterns. In short, areas of initial fine sediment deposition will experience a
positive feedback that promotes the deposition of more fine sediment through reduced
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roughness and bed shear stress. Erosional regions coarsen, which further increases
roughness and promotes erosion.
During non-energetic conditions modeled and observed suspended sediment
concentrations and fluxes throughout the entire water column are close to one another.
They are off by a factor of three, during one event at one tripod location. High
concentrations very near-bed, closer than 0.3 m, are observed during both low and high
energy events, but are below this model’s vertical resolution. Suspended sediment
stratification may play an important role in generating these near-bed high concentration
layers, especially during energetic events, but is neglected by the model.
As the winds were shown to drive currents, waves, and export events they are the
dominant large-scale forcing for sediment transport within the Adriatic Sea. Although
other processes, such as bed armoring and suspended sediment stratification are shown to
be important, it is the characteristics of the large wind events that dictate net sediment
fluxes within the Po delta region. An increase in the frequency, magnitude, or duration of
energetic winds will increase sediment flux and the amount of sediment exported from
the delta. More energetic winds may reduce or reverse delta progradation by removing
more sediment from the delta.

Chapter V

Long-term Prediction of Delta Progradation and Sediment Accumulation Patterns
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Chapter 5
This chapter gives predictions for future delta progradation and outlines the idea
of characteristic forcing for predicting long-term,

1 0 0

year, sediment accumulation

patterns. Finally, a link is made between characteristic forcing and the relative
importance of a discharge basin’s initial hydrodynamic state.

5.1 Delta Progradation
Large point sources combine with complex current and wave regimes to produce
the observed Po River delta morphology. Over decadal timescales the main depocenter
off the Pila mouth will facilitate the eastward progradation of the delta. Sweeping of the
Pila sediments to the southwest, along with sediment discharge from the lesser Po
mouths, will continue to nourish the southern face of the delta. This sediment addition
will lead to delta progradation along the southern side, even in the face of efficient
removal under Sirocco winds. Due to the currents sweeping around the subareal
extension of the delta, and the formation of a northern gyre under Bora conditions, the
northern face of the delta should retain its cuspate shape. Because of a lack of sediment
input coupled with the removal of sediment within the northern gyre, this study predicts
erosion along the northern face of the delta. This erosion, however, is not shown in
relatively recent shoreline migration maps (Nelson, 1970).
Bora and Sirocco wind regimes are shown to be the dominant large-scale controls
on both the timing and the magnitude of sediment export. Any kind of climatic change
that affects the wind regimes may drastically alter the amount of sediment exported from
the Po delta and have both short- and long-term effects on delta morphology. Delta
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morphology generally tries to reach an equilibrium between sediment supply and the
physical forces that redistribute the sediment, classically waves and tides. Changes in the
physical forcing, such as the dominant wind regimes, should modify the relative strength
of the waves and the currents off of the delta in relation to the river discharge and the
tides. This study shows a positive correlation between an increase in the strength, the
magnitude, and the duration of a Bora wind event and the amount of sediment exported
from the delta during the event. Although it is believed the same holds for Sirocco,
because only three events occurred during the study period, a definitive analysis could
not to be done. An overall increase in the winds will increase export from the delta and
slow progradation, weaker winds the opposite.
Pasaric and Orlic (2004) predict a decline in the frequency of Bora and Sirocco
wind events throughout the coming century, but an increase in the strength of Sirocco
events. Over the next century a relative increase in the strength of the Siroccos will
modify the above delta progradation picture by leading to more sediment export, thus
slowing the overall delta progradation. A stronger Sirocco climate will also limit the
amount of eastern sediment deposition and delta growth. Although relatively weaker, it is
believed Bora winds will remain dominant (Pasaric and Orlic, 2004) causing the overall
shape of the delta to remain the same. The north face will continue to possess a cuspate
shape, as it represents the nature of the northern Adriatic gyre that transports sediment
suspended during Bora wind and wave episodes. The delta will also maintain its birdfoot
shape as river discharge dominates over slow tidal currents and relatively small waves.
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5.2 Characteristic Forcing for 100 Year Deposit Predictions
When thinking about the direction of net sediment export, it is important to
examine all the driving factors, not just the winds direction. As stated earlier, previous to
this study it was believed Sirocco conditions would reduce sediment export from the Po
delta because they blow towards the sediment source in the northern Adriatic. This study
has shown that net sediment export can be directed upwind, as was seen in the idealized
Sirocco run. Similar to the Eel, Amazon, and Huanghe Rivers, sediment transport was
shown to be dominated within the near-bed layers, where the currents and net sediment
transport are forced by pressure gradients that may oppose the wind stress applied at the
water surface (Cacchione et al., 1995; Wright et al., 1990). In cases similar to the Po
River, and Northern Adriatic, such as the Rhone River in the Gulf of Lion (DufauJulliand et al., 2004), one must understand the driving mechanisms of the near-bed
currents to predict sediment dispersal paths.
Long-term accumulation patterns may be predicted by reducing complicated
regional weather patterns into the main components and predicting deposition based on
the most dominant ones. Over shorter time-scales meteorological fluctuations
surrounding single depositional events impart scatter in individual and small scale
depositional patterns that is very hard to accurately predict. Over longer time-scales, such
as that examined with 210Pb data (~ 100 yr), the dominant climatic forcing will dictate the
depositional signal leading to a relatively easier prediction of sediment accumulation
patterns. In the case of the Po River deposit, observational data shows Bora winds to be
the large-scale forcing needed for a first order prediction of the long-term accumulation
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pattern. Although they affect sediment deposits, Sirocco winds are not a dominant forcing
condition and can be neglected when predicting the location of long-term accumulation.
At the Po delta, winds serve well as the characteristic forcing, but may not be the
critical environmental parameters for other systems. At the Amazon River, for example,
tidal and western boundary currents may be the dominant control on long-term sediment
transport. Methods are needed to determine the dominant large-scale forcing for each
river system. In the case of the Adriatic, looking back, it can be seen that many more
Bora events can occur in a single year (Pasaric and Orlic, 2004), thus they are likely to
dominate the long-term depositional signal. In other areas the only way to determine the
dominant conditions may be through model validation using collected data, as was
originally done in this study. Another approach may be to plot the river system of interest
on the ternary diagram presented in figure 43. If the system shows little influence of the
initial water column state a first guess at the proper characteristic forcing should be along
the lines of episodic events. If the system plots near the center of the diagram a first
hypothesis might be that background flows are the characteristic forcing.

Chapter VI

Conclusions
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Chapter 6
This chapter presents future directions for continuing this research, directly
answers the posed scientific questions from section 1 .2 , and concisely lists the major
conclusions of this study.

6.1 Future Directions
As with this study, other process studies have focused on single wind events or
river discharges and most neglect either spatial or temporal variability (Kourafalou, 1999;
Paklar et al., 2001; Wang and Pinardi, 2002). The importance of spatial and temporal
patterns in the winds implies a wider range of idealized test cases are needed. To further
understand sediment dispersal on the Po River delta it would be beneficial to model more
than one idealized Bora and Sirocco event to evaluate how sensitive modeled patterns are
to events of the same wind regime. Simulating more than a single flood will help
determine how the winds during flooding affect sediment dispersal, and how sensitive
simulation predictions are to the duration and magnitude of floods.
The idea presented on predicting the influence that the initial hydrodynamic state
has on flood deposition (section 3.3.9) should be revised to more objectively classify
basin characteristics and flood duration. In this study I subjectively set each river
system’s basin characteristics and flood duration based on interpretations made from the
published literature. This can be made more objective by using scaled lengths of the long
and short axes of the discharge basin to classify basin size and basin shape. A measure of
the peakedness or spikiness of the river’s hydrograph would be a useful metric in place of
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the flood length characteristic. This idea should aid in the development of a fully
objective method of predicting the locations of long-term sediment accumulation off of
river mouths with limited prior knowledge of the system.
The comparison of the model estimated vertical flux profiles to those observed
may be made better through further adjustment of the initial sediment bed. An increase in
the settling velocity and critical shear stress of bed sediment should reduce the amount of
sediment suspended into the water column. Also, as I believe the model is overestimating
the morphodynamic feedback between surface grain size and bed shear stress, the
inclusion of more grain sizes may limit this effect. These changes may lead to a better
agreement between modeled and observed suspended sediment vertical profiles and net
fluxes.

6.2 Answers to the Posed Scientific Questions
This section provides direct answers to the originally posed scientific questions.
For review, the questions are provided previous to their answer.

1. How do settling from the river plume, wave resuspension, and transport
by currents influence the Po delta and near-field sediment dynamics?

High rates of settling from the river plume minimize sediment transport in the
buoyant plume, and provide a large near-field initial sediment deposition signal on the
predicted flood deposit. Wave resuspension plays a large role in suspending sediments
into the bottom boundary layer where they are transported in the direction of current
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flow. Wave induced bed shear stresses during wind events influence the flood deposit
depocenters and regions of bed sediment deposition and erosion. Because both the waves
and the currents are driven by the winds, most transport occurs during wind events.

2. How well does a numerical model that includes sediment settling,
resuspension, and suspended transport represent field observations?

As set up for this study, ROMS does a good job of reproducing the observed
depositional patterns. Vertical profiles of suspended sediment concentration and flux,
however, are not as well reproduced. The model overpredicts concentrations and fluxes
away from the seabed, yet underpredicts those near the bed and does not capture the high
concentrations and fluxes within the wave boundary layer. Even though lacking some of
the vertical structure, during a lower concentration event the modeled and observed
concentrations and fluxes agree to within a factor of three. Also, predicted fluxes are in
the same direction as those observed.

3. Are these the dominant physical processes, or are there others as
important, such as gravity flows, bed consolidation, and biological
activity?

The physical processes analyzed in question 1 are the dominant physical
processes. Bed armoring also plays a large role in limiting the amount of suspended
sediment, and was needed for the model to reproduce the observed concentrations to
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within a factor of three. The morphodynamic feedback between sediment grain size and
bed shear stress is important in model calculations of the redistribution of bed sediment.
Suspended sediment stratification, neglected in this study, plays a large role in limiting
the amount of sediment suspended out of the wave boundary layer into the overlying
water column during energetic wind events and may partially explain the mismatch
between the modeled and observed suspended sediment concentration vertical profiles
(see Traykovski et al., in press). The role of biological activity could not be accurately
predicted, although, it is believed to play a large role in the flocculation dynamics within
and near the Po River.

6.3 Final Conclusions
To summarize, this study draws the following major conclusions regarding sediment
deposition and dispersal at the Po River delta:
> Basin circulation generated by differing winds’ spatial structure and temporal
variation produces distinct sediment transport pathways and deposits.

> The greatest sediment deposition occurs directly off of the river mouths, with the
remaining depositional patterns dictated by wind driven currents and bed shear
stress patterns. The model estimates -90% of the Po River sediment accumulates
within

1 0

km of the river mouths over the course of this winter season.
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> The proportion of flocculated vs. unflocculated sediment discharged from the Po
River has a large influence on the fluvial suspended sediment concentrations and
fluxes and the flood deposit footprint, thickness, and total mass.

> Sediment export is highly event driven, with the most resuspension and highest
fluxes occurring during energetic winds. Bora winds drive the highest sediment
fluxes, and, along with flooding of the Po River, may be the characteristic forcing
for the Po delta over the long-term (-100 year) timescale.

> The model reproduces the observed suspended sediment concentrations and
fluxes during a lower concentration period to within a factor of three. With
limited vertical resolution and the lack of suspended sediment stratification the
model does not capture the nearbed, within - 1

0

cm of the bed, high

concentrations and fluxes. This may significantly hinder the model’s ability to
reproduce the field observations.
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Table 1 . Major rivers and their sediment and freshwater discharges. Values from Wright
and Nittrouer (1995), Hyer (1977), Syvitski et al. (2000), Nichols (1991) and Hicks et al.
(2000).

Freshwater
Discharge
km3 y

River
Amazon
Changjiang
Mississippi
Columbia
Purari
Po
Huanghe
Eel
Waiapu
York

Sediment
Discharge
106 tonnes
yr'1

6300
900
580
251
84
47
42

Freshwater
discharge
variation
(max-5-min)

1 2 0 0

2 .2

480

4.0
3.3
4.3

2 1 0
12

105
15
1060
16
35
0.4

8

3
2

1 .6
2 0
11
1 0 0 0 0

NA
NA

Table 2. Sediment classes; their properties and source within the model.
Source

Class

Bed

2

1

Po River

3
4
5
6

Diameter
(mm)
0.015
0.063
0.125
0.225
0.015
0.063

Density
(kgm 4)

ws
(mm s'1)
0 .1
1 .0

2650

1 0 .0
1 0 .0
0 .1
1 .0

Ter
(N m'2)
0.03
0.08
0 .1 2

9.99
0.03
0.08

Erosion Rate
(kg m'2 s'1)
5x10°
5x1 O'5
5x10's
lxlO ' 8
5xl0_i
5xl0 ‘5
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Table 3. Characteristics of Bora wind events based on varying the threshold value.
Cutoff Speed
(m s )
5
6
6.5
7
7.5
8
9
10
11
12
12.5
13
13.5
14

Average Bora Index
(m s'1)
9.0
9.7
10.1
10.4
10.7
11.1
11.8
12.6
13.1
13.8
14.1
14.3
14.5
14.8

Number of
Events
26
28
25
23
23
21
17
13
10
10
8
8
7
6

Average Duration
(Days)
2.6
2.1
2.1
2.1
1.9
1.8
1.7
1.7
1.8
1.3
1.3
1.2
1.1
0.9

Table 4. Cross correlation showing the correlation between wind and current speeds for
events using the specified threshold. The currents used here are the depth and
horizontally averaged currents along the southern boundary of the study region (see Fig.
12). A three hour offset shows the currents lag behind the winds by 3 hours (one model
output time-step). Correlation coefficients are the maximum coefficients.
Cutoff Speed
(m s )
5
6
6.5
7
7.5
8
9
10
11
12
12.5
13
13.5
14

Correlation Coefficient

Offset

0.464
0.434
0.421
0.376
0.362
0.343
0.367
0.342
0.292
0.452
0.478
0.491
0.553
0.538

3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
3 hours
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Table 5. Cumulative sediment flux values for the idealized runs. All values are in kg.
Negative values are out of the Po delta region. Boundary category “All” is the net flux.
Sediment
Source

Model Run
Bora
Steady

Fluvial
Sirocco
Steady

Bora
Steady
Bed
Sirocco
Steady

Bora
Time-Variant
Fluvial
Sirocco
Time-Variant

Boundary
North
South
East
All
North
South
East
All
North
South
East
All
North
South
East
All
North
South
East
All
North
South
East
All

Export
xlO8 kg
0.4
-3.4
-0.5
-3.5
-0.04
-5.6
-0.2
-5.8
681
-343
-882
-544
108
-225
275
158
0.08
-2.4
-0.3
-2.7
-0.9
-1.3
0.01
-2.2

% Total
Discharge
0.9
8.0
1.2
8.3
0.1
13.2
0.5
13.7

NA

0.2
5.7
0.7
6.4
2.1
3.1
0.0
5.2
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Table 6 . Curl values over the northern Adriatic for the wind stress and time- and depthaveraged currents. The mean value is the average of the absolute values of the curls.
Wind/
Currents
Wind

Currents

Model Run
Steady Bora
Steady Sirocco
Time-Varying Bora
Time-Varying Sirocco
Steady Bora
Steady Sirocco
Time-Varying Bora
Time-Varying Sirocco

Curl (xHT4 s’1)
Min
Max Range
12
-6
18
1.4
2.7
-1.3
3.4
5.0
-1 . 6
-0 . 8
1 .1
1.9
6 .2
-3.5
2.7
6 .2
-4.3
1.9
2 .1
6 .1
-4.0
1.4
5.9
-4.5

Mean
xlO 5 s 1
2.3
0 .8
1 .0

0.4
2 .6
1 .2
1 .6
0 .8

Table 7. Classification of rivers in terms of whether they have short episodic floods, if
the discharge basin is small or enclosed, and if the flood deposits are dictated by the
initial water column hydrodynamics. Interpretations for this table made from Disse and
Engel (2001), Geyer et al. (2000), Harris et al. (2004b), Kineke et al. (2000), Kuehl et al.
(1997), Naudin et al. (1997), Neill and Allison (2005), Nittrouer (1999), Nittrouer et al.
(1995), Tara Kniskem (Pers. Comm. 2005) Walsh and Nittrouer (2003) and Walsh et al.
(2004). Tides are taken to be a part of the initial hydrodynamics, therefore some rivers,
such as the Huanghe, show a larger hydrodynamic influence due to large tidal amplitudes
generated from their location on large continental shelves.
River

Discharge Basin
Large/open
Large/semienclosed
Large/open
Small/enclosed
Large/semienclosed

Flood
Length
Long
Long
Short
Moderate
Moderate

Initial Hydrodynamic
Influence
Strong
Strong
Weak
Weak
Strong

Amazon
Mississippi
Eel
Po
GangesBrahmaputra
Huanghe
Changjiang
Fly
Sepik
Waiapu
Atchafalya
Columbia
Rhone
Nile
Rhine

Small/enclosed
Moderate/semienclosed
Large/semienclosed
Large/open
Large/open
Large/semienclosed
Large/open
Moderate/open
Moderate/open
Small/semienclosed

Moderate
Moderate
Long
Long
Short
Long
Moderate
Short
Long
Moderate

Moderate
Weak
Strong
Strong
Weak
Strong
Strong
Weak
Strong
Weak
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Table 8 . Statistical values for the correlation of the Bora and Sirocco winds with the wave
heights off the Po River delta. An offset of -1 means the waves lag behind the winds by 3
hours (one input/output time-step).
Winds
Bora
Sirocco
Bora + Sirocco

Correlation coefficient
0.729
0.448
0.821

Offset
-1

-3
-1

% Variance Explained
53
20
67
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Table 9. Total fluvial and bed sediment export through each boundary for the adjusted
sediment bed run. Negative values are into the Po region. All values are in kg. See table 2
for the characteristics of each size class.

Sediment Type

Boundary

Size Class
5

North

6

Combined
5
Fluvial

South

6

Combined
5
East

6

Net

Combined
NA
1
2

North

3
4
Combined
1
2

Bed

South

3
4
Combined
1
2

East

Net

3
4
Combined
NA

Flux,
Bed = xlO10 kg
Fluvial = xl08kg
-1.514
-0.014
-1.528
8.792
2.258
11.050
6.357
0.404
6.761
16.283
-1.367
-0.238
-0.005
0 .0

-1.610
0.856
0.109
0.009
0 .0

0.966
1.093
0.077
0 .0 0 0 1
0 .0

1.170
0.526
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Table 10. Sediment export from the Po delta during wind events and calm periods.
Negative values represent sediment import into the delta region. Bora and Sirocco events
were chosen as times when the wind index reached or exceeded 13 and 7.5 m s'1,
respectively (see section 2.5 for more detail). Calm conditions are taken as the times Bora
or Sirocco events are not occurring.
Sediment
Source
Fluvial

Bed

Total

Winds
Net
Bora
Sirocco
Calm
Net
Bora
Sirocco
Calm
Net
Bora
Sirocco
Calm

Export
xlO8 kg
16.3
6.5
1.5
8.3
52.6
53.9
-23.2
21.9
68.9
60.4
-21.7
30.2

% Net
100
40
9
51
100
102
44
42
100
87.7
31.5
43.8

Average Export Rate
k g s'1
118
813
375
66
380
6744
5805
173
498
7557
5430
239
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Table 11. Correlation coefficients for the wind velocity during events and the sediment
export at that time. An offset of 2 means the maximum export lags behind the wind by
about 6 hours ( 2 model output time-steps). * = net export without the eastern boundary.

Sediment

Fluvial

Bed

Boundary
North
South
East
Net
Net*
North
South
East
Net
Net*

Correlation
Coefficient
0.493
0.363
0.329
0.391
0.389
0.739
0.667
0.363
0.556
0.837

Offset
2
2
12
-2
2
1
1
5
1
1
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Table 12. Net sediment export through each boundary for the four discharge size fraction
runs. Export is reported for each size class, and as the combined total. Negative values
are into the Po region. All values are in kg. __________________
Export
Boundary
Size Class
Model Run
xlO8 kg
5
-1.514
North
6
-0.014
Combined
-1.528
8.792
5
South
2.258
6
10 % Disaggregated
Combined
11.050
5
6.357
0.404
East
6
Combined
6.761
NA
16.283
Net
-9.996
5
North
-0.212
6
-10.208
Combined
35.888
5
South
1.328
6
50 % Disaggregated
37.216
Combined
58.195
5
0.060
East
6
Combined
58.255
NA
85.263
Net
-16.328
5
North
-0.010
6
-16.338
Combined
57.316
5
0.770
South
6
75 % Disaggregated
58.086
Combined
83.445
5
East
0.027
6
83.472
Combined
125.22
NA
Net
-19.792
5
0
North
6
-19.792
Combined
81.536
5
South
0
6
100 % Disaggregated
81.536
Combined
111.60
5
0
East
6
111.60
Combined
173.44
NA
Net

100

Table 13. The fraction of the fluvial deposit within 25 and 50 kilometers of the Po River
mouths. Evaluated for the varying discharge size fraction runs.
Model Run
(Disaggregated/Aggregated)
10/90
50/50
75/25
100/0

Distance From Mouth
(km)
25
50
25
50
25
50
25
50

Percent of Deposit
93
95
63
69
44
55
22
37

Table 14. The fraction of discharged sediment contained within the flood deposit, taken
as the region of study as outlined in figure 12.
Model Run,
% Disaggregated
10

50
75
1 0 0

Fraction Discharged
91%
61%
42%
2 1 %

Mass of Deposit
xlO10 kg
1.383
0.929
0.642
0.321

Table 15. Mass of flood deposit with lowered Po River sediment discharge.
Sediment Discharge
Original
2 / 3 Discharge
V2 Discharge
V4 Discharge
Vg Discharge
2002 Observed Deposit

Flood Deposit mass
xlO kg
1.38
0.92
0.69
0.34
0.17
0.18
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Table 16. Mass of flood deposit calculated by sampling the model results in a manner
similar to the observational data. Deposits inshore of the 10 m isobath, and thinner than 5
mm, were neglected.

Model Run

Sediment Discharge

“Normal” Simulation

Original Rating Curve
2/3 Original
1/2 Original
1/4 Original
1/8 Original
50% Disaggregated
75% Disaggregated
100% Disaggregated
Vi Original, 50%
Disaggregated
2/ 3 Original, 50%
Disaggregated

River Discharge

Fraction Grain Size
Discharged

Mix

Deposit Mass, xlO9 kg
Depth>10m,
Depth>10m
Thickness>5mm
8.1
6.6
5.2
4.0
3.8
2.8
1.2
1.9
1.1
0.6
9.2
4.5
8.9
2.3
8.4
0.3
4.4

1.9

6.0

2.7

Table 17. Modeled and observed suspended sediment concentrations and fluxes for the
dilute suspension event from Traykovski et al. (in press). Modeled values are from this
study as averaged over 16 November, 2002.

Modeled/Observed
Modeled
Modeled
Modeled
Modeled
Observed
Observed
Observed
Observed

Height Above
Bed (m)
0.3
1
4
surface
0.3
1
4
surface

Suspended Sediment
Concentration (g L '1)
0.15
0.11
0.06
0.02
0.3
0.15
0.05
~0

Sediment Flux
(xlO'3 g cm’2 s'1)
1.7
1.8
1.9
2.3
4
3
1.7
0.9
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Figure 1. The Adriatic Sea. Italy is to the west and the Balkans are to the east. Thickness
o f Holocene sediments (green area) (Cattaneo et al., 2003) and drifter derived near
surface currents (arrows) (Poulain, 2001) are shown. Figure courtesy o f A. Corregiari,
CNR— Bologna.
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Figure 2. Bathymetry of the Adriatic Sea with the specific region of study outlined (red box). Depth is in meters.
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Figure 3. Monthly average freshwater discharges o f the Adriatic rivers (from Raicich,
1994).
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Figure 4. Surface sediment grain size distribution o f the northern Adriatic. From
Brambati et al. (1983).
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discharge from the HYDROTREND model (Kettner and Syvitski, in press).
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Figure 6. The Po subaerial delta with near-shore bathymetry. UW and WHOI are the
locations o f University o f Washington and Woods Hole Oceanographic Institution
tripods. Figure courtesy o f Peter Traykovski.
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Figure 7. A) Map showing the thickness o f offshore deposits and the different major
stages o f delta building. C,D). Schematics o f the prodelta wedge. Figure from Correggiari
et al. (2005).
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Figure 8. 7Be penetration depths after the floods o f 2000 and 2002. From Palinkas et al.
(2005).
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Figure 9. Thickness o f the 2000 flood layer as measured from X-radiographs. Circles
represent sampling in December 2000, pluses sampling in October 2001. From
Wheatcroft et al. (2006).
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Figure 10. Observed long-term (-100 yr) accumulation rates. Based on 210Pb data. From
Palinkas and Nittrouer (in press).
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Figure 12. Solid lines mark the study area and the horizontal sections from which the
surface, bottom, and vertically averaged currents are taken. Diamonds represent the
location o f flux vertical profiles for the Bora and simulation runs, circles the Sirocco run.
Stars mark the locations o f wave data analysis.
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Figure 13. Bora and Sirocco wind index for the time period studied. The horizontal lines
are at 7.5 and 13 m s '1. Red shaded regions are Bora events that follow Sirocco
conditions. Blue is the highly Bora influenced time-period, which also includes the
second Sirocco influenced Bora.
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Figure 14. The Bora wind index is calculated along the line shown, as described in
section 2.5.
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Figure 15. Wind and Wave forcing for the idealized runs. Hsig is the significant wave
height.
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Figure 16. Bora event averaged and idealized forcing wind speeds (row A) and
significant wave heights (row B). Event averages are the average wind speed at each grid
node for the Bora events as specified in section 2.5.
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Figure 17. Depth-averaged current speeds as horizontally averaged over the study
boundaries for the Bora run. The vertical line shows the time chosen as representative of
the currents being adjusted to the winds. Negative values represent flow to the south for
the north and south boundaries, and to the west for the eastern boundary.
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Figure 18. Depth-averaged current speeds as horizontally averaged over the study
boundaries for the Sirocco run. The vertical line shows the time chosen as representative
of the currents being adjusted to the winds. Negative values represent flow to the south
for the north and south boundaries, and to the west for the eastern boundary.
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Figure 19. Sea surface height (colors) and depth-averaged current velocity (arrows) as averaged over the entire steady runs.
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Figure 20. Surface salinity values (colors) and surface currents (arrows) as averaged over the entire steady runs.
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Figure 21. Wave and current combined bed shear stress (Pa, A, B), and the fraction o f
bed shear stress produced by wave action (C, D). Values are time-averaged over the
entire steady run. Contours are every 10 meters from 20 to 60 meters water depth.
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Figure 22. Fluvial sediment export rates and depth-averaged current speeds through each
boundary o f the study region for the Bora run. (A) northern boundary (B) southern
boundary (C) eastern boundary. Currents represent the average along the boundary.
Negative is to the south for the north and south boundaries and to the east for the eastern
boundary. Flux is integrated with depth and along the boundary. Negative flux is out o f
the study region.
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Figure 23. Fluvial sediment export rates and bottom current speeds through each
boundary of the study region for the Bora run. (A) northern boundary (B) southern
boundary (C) eastern boundary. Currents represent the average along the boundary.
Negative is to the south for the north and south boundaries and to the east for the eastern
boundary. Flux is integrated with depth and along the boundary. Negative flux is out of
the study region.
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Figure 24. Sediment flux for the Bora run. Locations of profiles are shown in figure 12
and were chosen to be locations where sediment transport was high. The first row
represents the beginning of the run, time-averaged over days 0-2.5, the bottom row is
time-averaged over the entire run. Negative flux is away from the delta.
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Figure 25. Fluvial sediment export rates and depth-averaged current speeds through each
boundary of the study region for the Sirocco run. (A) northern boundary (B) southern
boundary (C) eastern boundary. Currents represent the average along the boundary.
Negative is to the south for the north and south boundaries, and to the east for the eastern
boundary. Flux is integrated with depth and along the boundary. Negative flux is out of
the study region.
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Figure 26. Fluvial sediment export rates and bottom current speeds through each
boundary of the study region for the Sirocco run. (A) northern boundary (B) southern
boundary (C) eastern boundary. Currents represent the average along the boundary.
Negative is to the south for the north and south boundaries, and to the east for the eastern
boundary. Flux is integrated with depth and along the boundary. Negative flux is out of
the study region.
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Figure 27. Sediment flux for the Sirocco run. Locations of profiles are shown in figure 12
and were chosen to be where sediment transport was high. The first row represents the
beginning of the run, time-averaged over days 0-4, the bottom row is time-averaged over
the entire run. Negative flux is away from the delta.
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Figure 28. Final fluvial sediment depositional thicknesses for the idealized runs. Plotted values are kg m '2 on a logio scale. Assuming a
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Figure 29. Bed sediment export rates and depth-averaged current speeds through each
boundary of the study region for the Bora run. (A) northern boundary (B) southern
boundary (C) eastern boundary. Currents represent the average along the boundary.
Negative is to the south for the north and south boundaries, and to the east for the eastern
boundary. Flux is integrated with depth and along the boundary. Negative flux is out of
the study region.
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Figure 30. Bed sediment export rates and bottom current speeds through each boundary
of the study region for the Bora run. (A) northern boundary (B) southern boundary (C)
eastern boundary. Currents represent the average along the boundary. Negative is to the
south for the north and south boundaries, and to the east for the eastern boundary. Flux is
integrated with depth and along the boundary. Negative flux is out of the study region.
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Figure 31. Bed sediment export rates and depth-averaged current speeds through each
boundary of the study region for the Sirocco run. (A) northern boundary (B) southern
boundary (C) eastern boundary. Currents represent the average along the boundary,
negative is to the south for the north and south boundaries, and to the east for the eastern
boundary. Flux is integrated with depth and along the boundary. Negative flux is out of
the study region.
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Figure 32. Bed sediment export rates and bottom current speeds through each boundary
o f the study region for the Sirocco run. (A) northern boundary (B) southern boundary (C)
eastern boundary. Currents represent the average along the boundary. Negative is to the
south for the north and south boundaries, and to the east for the eastern boundary. Flux is
integrated with depth and along the boundary. Negative flux is out o f the study region.
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Figure 33. Redistribution of bed sediment, not including fluvial sediment, for the steady Bora and Sirocco runs. Negative deposition
represents erosion. White contours are water depth in meters. Zero erosion/deposition is contoured in black. Note different scales.

spniiiei

Longitude

Current Speed (0.5 m s '1)

>

Longitude

Figure 34. Sea surface height (colors) and depth-averaged current velocity (arrows) as averaged over the entire time-varying runs.
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Figure 35. Final fluvial sediment depositional thicknesses for the time-varying idealized runs. Plotted values are kg m‘ on a logio
scale. Contours are water depths in meters.

03
!* _

CD

o

Latitude

O
O
CO

o
o
L_

co

0 p n } !6 u o n

Latitude

LO

CO

LO

c\i

137

Figure 36. Idealized Bora fluvial sediment deposit. Values are on a logio scale in kg m '2.
3
1
1500, 4000, 4500, and 5000 m s' represents the freshwater discharge from the Po River
for that sensitivity run. Contours are 10, 20, and 30 meters water depth.
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Figure 37. Row A) Percent finest size fraction. Row B) Wave and current combined bed
shear stress, Pa. Row C) Time-averaged roughness (Zo), m. Values for rows B and C are
presented on a logio scale. All values are plotted on a logio scale. White contours are
water depth at 10 meter increments from 20-40 meters.
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Figure 38. Long-term (-100 yr) accumulation rates compared to Bora and Sirocco wind
deposits. Similar depositional patterns, as outlined in black, are seen in both the
observational data and Bora deposit. Panel A is from Palinkas and Nittrouer (in press).
Contours are water depth in meters. Red represents the thickest deposition, blue no
deposition.
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Figure 39. Fluvial sediment deposition at the end o f the steady Bora and Sirocco runs.
Contours are water depth in meters.
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Figure 40. Initial current conditions for the flood timing runs. “Current” and “No Current” correspond to the strong and weak current
initial conditions, respectively. Arrows show the current speed and direction. Colors show the current speed.
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Figure 42. Varying depositional patterns after day 10 of the flood timing runs. Deposit thicknesses are kg m'" on a logio scale.
Contours are 10, 20, and 30 meters water depth.
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Figure 43. Ternary diagram generated from Table 7. Basin size = Large, Basin Shape =
Open, and Flood Length = Long are the apexes o f the triangle, thus a point on the bottom
left comer has a small enclosed basin with a moderate or long flood duration. Points near
the middle o f the diagram have relatively equal sizes, shapes and durations. Rivers within
one side o f a small triangle o f each other actually overlap, and were offset to show the
number of rivers at each location.
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Figure 44. Initial sediment bed surface grain size distribution for the adjusted sediment
bed simulation. Contours are water depth in meters. The red box outlines the study
region.
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Figure 45. Time-averaged sea surface height (colors) and time- and depth-averaged
currents (arrows) for the simulation run. Red circles mark locations where currents slow
or converge.

0
"O
13
03

12.5

13

13.5
Longitude

14

14.5

15

147

Figure 46. The relationship between the wind index and currents, as averaged over Bora
events. The events on this figure are those chosen using the 13 m s’1threshold (section
2.5). Currents are the time-horizontal-depth-averaged currents through the southern
boundary of the box in figure 12 during the corresponding events. “Bora Period”
represents those events that occur during prolonged periods of strong Bora influence.
“Sirocco Influence” represents those events that immediately follow strong Sirocco
conditions. Isolated Boras are classified as those that remain. The best fit line, r2=0.78,
for the isolated Boras is provided.
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Figure 47. The correlation between Bora and Sirocco wind events and energetic waves
off the Po delta. Waves, top panel, are represented by the average wave heights from
three stations shown on figure 12.
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Figure 48. Fluvial sediment export rates and depth-averaged current speeds through each
boundary of the box in figure 12 for the adjusted sediment bed run. (A) northern
boundary (B) southern boundary (C) eastern boundary. Panel (D) is the average
significant wave height from three stations shown in figure 12. Currents represent the
average along the boundary. Negative is to the south for the north and south boundaries,
and to the east for the eastern boundary. Negative flux is out of the study region.
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Figure 49. Fluvial sediment export rates and bottom current speeds through each
boundary of the box in figure 12 for the adjusted sediment bed run. (A) northern
boundary (B) southern boundary (C) eastern boundary. Panel (D) is the average
significant wave height from three stations shown in figure 12. Currents represent the
average along the boundary. Negative is to the south for the north and south boundaries,
and to the east for the eastern boundary. Negative flux is out of the study region.
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Figure 50. Time-averaged fluvial sediment and velocity vertical profiles for the northern
boundary of the study region. Location along boundary chosen to be sites where
significant flux occurs (Fig. 12). The flood panels show the average during flooding of
the Po River, post flood represents the average after flooding. Concentrations of the
aggregated fraction are very low before and during flooding and are not seen at this scale.
Negative flux and velocity is to the south, into the study region.
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Figure 51. Time-averaged fluvial sediment and velocity vertical profiles for the southern
boundary of the study region. Location along boundary chosen to be sites where
significant flux occurs (Fig. 12). The flood panels show the average during flooding of
the Po River, post flood represents the average after flooding. Concentrations of the
aggregated fraction are very low before and during flooding and are not seen at this scale.
Negative flux and velocity is to the south, out of the study region.
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Figure 52. Time-averaged fluvial sediment and velocity vertical profiles for the eastern
boundary of the study region. Location along boundary chosen to be sites where
significant flux occurs (Fig. 12). The flood panels show the average during flooding of
the Po River, post flood represents the average after flooding. Concentrations of the
aggregated fraction are very low before and during flooding and are not seen at this scale.
Negative flux and velocity is to the east, out of the study region.
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Figure 53. Final fluvial sediment deposit thicknesses for the adjusted sediment bed run.
Values are in kg m '2 on a logio scale. Bathymetry is contoured in meters. Magenta
diamonds are the 5 Po River mouths.
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Figure 54. Depositional patterns and thicknesses at the end of the simulation run for the aggregated and disaggregated Po River
sediment. Values are on a logio scale in kg m' . Contours are water depths in meters.
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Figure 55. Location and thickness of the Po River flood deposit of December 2002. Panel A is a snapshot directly after the flood, 15
December, 2002, B is when the flood deposit is at its largest, 15 January, 2003, in terms of the area covered and thickness of the single
coherent flood deposit.
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Figure 56. Suspended sediment concentration and vertical flux profiles for a high
concentration event, 06:45 16 November, 2002, and dilute suspension event, 26 January
2003, off the Po delta at the same location as tripod observations (Traykovski et al., in
press). Negative fluxes indicate transport primarily towards the south. Concentration and
fluxes are total, bed and fluvial sediment, and across- plus along-shelf.
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Figure 57. Bed sediment export rates and depth-averaged current speeds through each
boundary of the study region for the adjusted sediment bed run. (A) northern boundary
(B) southern boundary (C) eastern boundary. Panel (D) is the average significant wave
height from three stations shown in figure 12. Currents represent the average along the
boundary. Negative is to the south for the north and south boundaries, and to the east for
the eastern boundary. Negative flux is out of the study region.
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Figure 58. Bed sediment export rates and bottom current speeds through each boundary
of the box in figure 12 for the adjusted sediment bed run. (A) northern boundary (B)
southern boundary (C) eastern boundary. Panel (D) is the average significant wave height
from three stations shown in figure 12. Currents represent the average along the
boundary. Negative is to the south for the north and south boundaries, and to the east for
the eastern boundary. Negative flux is out of the study region.
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Figure 59. Net bed sediment deposition at the end o f the adjusted run. Negative values
represent erosion. Contours are water depth in meters (red) and zero deposition/erosion
(black).
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Figure 60. Mean wave and current combined bed shear stress for Bora (A) and Sirocco
(B) events, and the fraction wave induced (C,D). Water depth is contoured every 10
meters from 20 to 60 meters.
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Figure 61. Wave and current combined bed shear stress and the fraction accounted for by the waves; as averaged over the entire
simulation run. Contours are bathymetry in meters.
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Figure 62. Final grain size fractions present on the bed surface. Values range from 0100%. Contours are 20, 40, and 60 meters water depth. Red numbers in lower right o f
each panel represent the size class (see table 2 for characteristics). Red contours mark
where the size class represents X
A o f the total. Po River sediment was added to the size
classes with the same characteristics because, near the delta, it makes up a significant
portion o f the surface sediment and bed properties.
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Figure 63. Cumulative fluvial (Po River) and bed sediment flux. Values were normalized
to fit on the same axis, negative values represent sediment loss from the study region.
Vertical lines represent the middle of Bora (solid) and Sirocco (dotted) events.
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Figure 64. Time-averaged significant wave height (colors) and time- and depth-averaged
currents (arrows) during the 2002 flood. Time-averaged over 18 November to 10
December, 2002, when the discharge was more than double the yearly average. Contours
are water depth in meters. Magenta diamonds represent the Po River mouths.
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Figure 65. Final depositional and erosional thicknesses and patterns for the uniform
sediment bed run. Contours are water depth in meters (red) and zero deposition (black).
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Figure 66. Cumulative bed sediment flux from the study region for all three initial bed
runs. “USB” is the uniform initial bed run, “IIB” is the first iteration run, and “ASB” is
the second iteration, or adjusted sediment bed run. Negative flux is out of the study
region.
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Figure 67. How sediment dispersal length scales change with changing discharged size
fractions. The inset (B) shows where 200 km is in relation to the Po River.
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Figure 68. Top) Cumulative disaggregated flux for the 10% disaggregated (10/90), 50%
disaggregated (50/50), and 100% disaggregated (100/0) runs. Also shown are five, and
ten times the 10% disaggregated run (5*10/90, and 10*10/90). Bottom) Cumulative
aggregated flux.
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Figure 69. Modeled flood deposits for the varied discharge size fraction runs. The time
shown is the same as panel B figure 55, the time o f maximum flood layer thickness and
depositional footprint, 15 January, 2003.
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Figure 70. Mean surface grain size distribution for the varied disaggregated fraction runs.
Titles represent the proportions o f disaggregated to aggregated sediment discharged. Size
is in millimeters.
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Figure 71. Surface roughness for the varied disaggregated fraction runs. Values are mm.
Contours are water depth in meters.

Latitude

10/90

50/50

45.2

45.2

45

45

44.8

44.8

44.6

44.6

100/0

Latitude

75/25
45.2

45.2

45

45

44.8

44.8

44.6

12.5

13
L o n g it u d e

44.6

12.5

13
L o n g it u d e

173

Figure 72. Time-averaged bed shear stress (Pa) for the varied disaggregated fraction runs.
Contours are water depth in meters.
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Figure 73. Flood deposit with varied sediment rating curves. Titles show how much o f
the original HYDROTREND sediment discharge was used. Contours represent 20, 30,
and 40 meters water depth.
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Figure 74. Po River flood deposit estimated from model calculations using the limitations
o f the observational. Sediment in less than 10 m water depth and deposits less than 5 mm
thick are neglected (white area). The dark blue regions are those where the model
predicts less than 0.1 mm o f deposition.
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Figure 75. Suspended sediment and flux values observed by Traykovski et al. (In Press).
Red lines represent across-shelf flux, blue lines along-shelf flux. Reproduced with
permission from Traykovski et al (In Press).
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Figure 76. Suspended sediment concentration and vertical flux profiles off the Po delta
for high concentration and dilute suspension events. The high concentration event is the
average of 16 November, 2002. The dilute suspension event is the average of 24-28
January 2003. Event dates chosen to correspond to events in Traykovski et al. (In Press).
Positive fluxes indicate transport primarily towards the north. Concentration and fluxes
are total, bed and fluvial sediment, and includes both across- and along-shelf
components.
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APPENDIX 1
Description of model animations included on the supplemental DVD.

Animations of selected model runs are contained on the supplemental DVD under
the MODEL_ANIMATIONS folder. Files may be played with Windows Media Player,
but are best viewed with RealPlayer or Imagen, which are available for free download off
of the internet. Below, the filename is given, followed by an explanation of the model run
shown in the animation. Highlights of each run are presented. The left panel in each
animation shows the surface salinity (colors) and depth-averaged currents (arrows). The
second from the left presents the depth-integrated fluvial suspended sediment on a logio
scale. The third panel shows fluvial sediment deposition on the seabed on a logio scale.
Assuming a porosity of -60% this panel represents about millimeters of deposition. The
final panel (far right) presents the significant wave heights (colors) and wind velocity
(arrows). For animations presenting the simulation run, the top panel is the Po River
freshwater discharge.

BoraC.avi - This animation shows the steady Bora idealized run. The winds quickly set
up a counterclockwise gyre in the northern Adriatic that captures freshwater and sediment
discharged by the Po River. The ending deposit shows an eastward extension and little
deposition south of the study region.

SirC.avi - The steady idealized Sirocco run is shown. Depth averaged currents flow north
along the eastern Adriatic and south along the western coast. Some of the freshwater and
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sediment discharged by the Po River is forced north of the delta in the buoyant plume.
Most of the exported sediment is transported directly out of the southern boundary of the
study region, producing a deposit stretched strictly towards the south.

Simulation.avi - Here the entire simulation run is presented. It is possible to see the
current patterns from each of the above runs, which are formed during the Bora and
Sirocco wind events during the 2002-2003 simulation. During the flood it is particularly
easy to see the capture of sediment, and subsequent transport into the northern Adriatic,
by the Bora induced gyre. The fastest currents, largest waves, highest suspended
sediment concentrations, and greatest fluxes are shown to coincide with periods of
energetic winds. The greatest sediment deposition is shown to occur directly off the river
mouths, with stretching of the deposit towards the south and east.

Flood.avi - This animation presents only the period of the simulation when the Po River
is actively flooding. It shows most of the fluvial sediment is discharged to the system
during a short, about two week, period of the simulation run. The initial emplacement of
the flood deposit is highly driven by initial settling near the river mouths, and the
direction of current flow during the flood. During the first half of the flood, overall
Sirocco conditions transport large amounts of sediment south of the delta. The second
half is characterized by Bora conditions, which produce an eastward extension of the
deposit.
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Events.avi - The final animation shows how the flood deposit is reworked by Bora wind
events subsequent to initial deposition. The counterclockwise gyre in the northern
Adriatic is evident throughout much of this time period. High suspended sediment
concentrations and fluxes occur during each wind event. The overall Bora nature of this
time period significantly reworks the initial flood deposit. The deposit on the southern
face of the delta is more coherent and stretched along the entire southern edge. Also,
there is a greater eastward extension of the deposit, with a distinct disconnect between the
depocenter on the delta and the very thin (-0.5 mm) depocenter in the northeast Adriatic.

181
APPENDIX 2
Description of ROMS files contained on the supplemental DVD

The supplemental DVD contains the model code and input files used in this study.
Source code is contained in the folder SOURCE_CODE. This code is ROMS version 2.1,
which was modified by John Warner, Chris Sherwood, and Rich Signed (USGS) to
improve the sediment transport calculations. All relevant sediment transport modules are
the same as the ROMS 2.2 version (Haidvogel and Beckman, 1999; Shchepetkin and
McWilliams, 2005). ROMS documentation can be found at http://www.myroms.org/. All
input files for the study are in the INPUT_FILES folder, and are arranged based on the
model run they correspond to. All idealized runs used the same river forcing files, which
are in the BORAC folder. All model runs use the same grid and tidal forcing files, which
are in the SIMULATION folder. Idealized runs use the same initialization file as the
uniform initial sediment bed simulation run. A complete list of input files and the model
runs they force is presented below, based on the folder they are contained within.

BORA - unsteady idealized Bora run
a d r ia _ b o r a _ b u lk 2 _ 9 x 2 .n c .g z _ Meteorological variables
adria_bora_cloud2_9x2.nc.gz - Cloud cover fraction
adria_bora_swan_9x2.nc.gz - Wave characteristics
adria_bora_swrad_9x2.nc.gz - Incoming shortwave radiation
adria_bora_wind2_9x2.nc.gz - Wind speed and direction
BORA_S - steady idealized Bora run
adria48_rivers_ideal_1500.nc.gz - River discharge using 48 total freshwater
sources and a constant Po River discharge of 1500 m3 s'1.
adria48_rivers_ideal_4000.nc.gz - River discharge using 48 total freshwater
sources and a constant Po River discharge of 4000 m3 s’1.
adria48_rivers_ideal_4500.nc.gz - River discharge using 48 total freshwater
sources and a constant Po River discharge of 4500 m3 s’1.
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adria48_rivers_ideal_5000.nc.gz - River discharge using 48 total freshwater
sources and a constant Po River discharge of 5000 m3 s'1.
adria_bora_bulk2_const.nc.gz - Steady meteorological variables
adria_bora_cloud2_const.nc.gz - Steady cloud cover fraction
adria_bora_swan_const.nc.gz - Steady wave characteristics
adria_bora_swrad2_const.nc.gz - Steady incoming shortwave radiation
adria_bora_wind2_const.nc.gz - Steady wind speed and direction
FLOOD_TIMING - Runs designed to examine the correlation between river flooding,
initial current strength and wind conditions.
9x2_curr_init.nc - Initialization file with water column properties, temp, salinity,
u and v velocity, and sea surface height, for a time period with a strongly
flowing WACC
9x2_no_curr_init.nc - Initialization file with water column properties, temp,
salinity, u and v velocity, and sea surface height, for a time period with no
WACC
SIMULATION - Model runs simulating September 2002 - March 2003
90x235_good_grid.nc.gz - Grid file
adria48_rivers_8seds9x2.nc.gz - River discharge using 48 total freshwater sources
and a measured daily Po River discharge with 90% flocculated 10%
unflocculated material
adria48_rivers_23D.nc.gz - Po River discharge set at 2/3 the original
adria48_rivers_12D.nc.gz - Po River discharge set at 1/2 the original
adria48_rivers_14D.nc.gz - Po River discharge set at 1/4 the original
adria48_rivers_18D.nc.gz - Po River discharge set at 1/8 the original
adria48_rivers_CF5050.nc.gz - Fraction of discharged unflocculated material set
at 50%
adria48_rivers_CF7525.nc.gz - Fraction of discharged unflocculated material set
at 75%
adria48_rivers_CF100x0.nc.gz - Fraction of discharged unflocculated material set
at 100%
adria48_rivers_12CF5050.nc.gz - Po River discharge set at Vi the original and the
fraction of unflocculated material set at 50%
adria48_rivers_23CF5050.nc.gz - Po River discharge set at 2/3 the original and
the fraction of unflocculated material set at 50%
adria_str_init_9x2.nc.gz - Initialization file, water column and initial bed
properties for uniform initial sediment bed
adria_init_9x2_BGB.nc.gz - Initialization file for the 1st iteration sediment bed
run
adria_init_9x2_BGB2.nc.gz - Initialization file for the adjusted sediment bed run
adria_str_bulk2_9x2.nc.gz - Meteorological variables
adria_str_cloud2_9x2.nc.gz - Cloud cover fraction
adria_str_swrad2_9x2.nc.gz - Incoming shortwave radiation
adria_str_wind2_9x2.nc.gz - Wind speed and direction
adria_swan_9x2.nc.gz - Wave characteristics
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adria_tide_9x2.nc.gz - Tidal forcing
SIROCCO - Unsteady idealized Sirocco run
adria_sir_bulk2_9x2.nc.gz - Meteorlogical variables
adria_sir_cloud2_9x2.nc.gz - Cloud cover fraction
adria_sir_swan_9x2.nc.gz - Wave characteristics
adria_sir_swrad_9x2.nc.gz - Incoming shortwave radiation
adria_sir_wind2_9x2.nc.gz - Wind speed and direction
SIROCCO_S - Steady idealized Sirocco run
adria_sir_bulk2_const.nc.gz - Steady meteorological variables
adria_sir_cloud2_const.nc.gz - Steady cloud cover fraction
adria_sir_swan_const.nc.gz - Steady wave characteristics
adria_sir_swrad2_const.nc.gz - Steady incoming shortwave radiation
adria_sir_wind2_const.nc.gz - Steady wind speed and direction
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